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Types of Heat Exchangers

11-1C Heat exchangers are classified according to the flow type as parallel flow, counter flow, and cross-flow arrangement.
In parallel flow, both the hot and cold fluids enter the heat exchanger at the same end and move in the same direction. In
counter-flow, the hot and cold fluids enter the heat exchanger at opposite ends and flow in opposite direction. In cross-flow,
the hot and cold fluid streams move perpendicular to each other.

11-2C A heat exchanger is classified as being compact if p > 700 m%m? or (200 ft/ft®) where B is the ratio of the heat transfer
surface area to its volume which is called the area density. The area density for double-pipe heat exchanger can not be in the
order of 700. Therefore, it can not be classified as a compact heat exchanger.

11-3C Regenerative heat exchanger involves the alternate passage of the hot and cold fluid streams through the same flow
area. The static type regenerative heat exchanger is basically a porous mass which has a large heat storage capacity, such as a
ceramic wire mash. Hot and cold fluids flow through this porous mass alternately. Heat is transferred from the hot fluid to
the matrix of the regenerator during the flow of the hot fluid and from the matrix to the cold fluid. Thus the matrix serves as a
temporary heat storage medium. The dynamic type regenerator involves a rotating drum and continuous flow of the hot and
cold fluid through different portions of the drum so that any portion of the drum passes periodically through the hot stream,
storing heat and then through the cold stream, rejecting this stored heat. Again the drum serves as the medium to transport the
heat from the hot to the cold fluid stream.

11-4C In the shell and tube exchangers, baffles are commonly placed in the shell to force the shell side fluid to flow across
the shell to enhance heat transfer and to maintain uniform spacing between the tubes. Baffles disrupt the flow of fluid, and an
increased pumping power will be needed to maintain flow. On the other hand, baffles eliminate dead spots and increase heat
transfer rate.

11-5C Using six-tube passes in a shell and tube heat exchanger increases the heat transfer surface area, and the rate of heat
transfer increases. But it also increases the manufacturing costs.

11-6C Using so many tubes increases the heat transfer surface area which in turn increases the rate of heat transfer.

11-7C In counter-flow heat exchangers, the hot and the cold fluids move parallel to each other but both enter the heat
exchanger at opposite ends and flow in opposite direction. In cross-flow heat exchangers, the two fluids usually move
perpendicular to each other. The cross-flow is said to be unmixed when the plate fins force the fluid to flow through a
particular interfin spacing and prevent it from moving in the transverse direction. When the fluid is free to move in the
transverse direction, the cross-flow is said to be mixed.
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The Overall Heat Transfer Coefficient

11-8C Heat is first transferred from the hot liquid to the wall by convection, through the wall by conduction and from the wall
to the cold liquid again by convection.

11-9C When the wall thickness of the tube is small and the thermal conductivity of the tube material is high, which is usually
the case, the thermal resistance of the tube is negligible.

11-10C The heat transfer surface areas are A; =zD;L and A, =zD,L. When the thickness of inner tube is small, it is
reasonable to assume A, = A, = A,.

11-11C The effect of fouling on a heat transfer is represented by a fouling factor R;. Its effect on the heat transfer coefficient
is accounted for by introducing a thermal resistance R;/As. The fouling increases with increasing temperature and decreasing
velocity.

11-12C None.

11-13C When one of the convection coefficients is much smaller than the other h; <<h,, and A, ~ Ay = A, . Then we have
(Yh, >>1/h;) and thus U; =U, =U =h;.

11-14C The most common type of fouling is the precipitation of solid deposits in a fluid on the heat transfer surfaces.
Another form of fouling is corrosion and other chemical fouling. Heat exchangers may also be fouled by the growth of algae
in warm fluids. This type of fouling is called the biological fouling. Fouling represents additional resistance to heat transfer
and causes the rate of heat transfer in a heat exchanger to decrease, and the pressure drop to increase.

11-15C When the wall thickness of the tube is small and the thermal conductivity of the tube material is high, the thermal
resistance of the tube is negligible and the inner and the outer surfaces of the tube are almost identical ( A = A, = A;). Then

the overall heat transfer coefficient of a heat exchanger can be determined to from U = (1/hj + 1/hg)"L
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11-16E The overall heat transfer coefficients based on the outer and inner surfaces for a heat exchanger are to be determined.
Assumptions 1 Steady operating condition exists. 2 Thermal properties are constant.

Properties The conductivity of the tube material is given to be 0.5 Btu/hr-ft-°F.
Analysis The overall heat transfer coefficient based on the outer surface is
1 1 1 1

= + In(D, /D;) + ——
U, A, WA 27kL ho A,

i:i+i|n[&}+ Ay :i&_;_&]n[&]_Fi
U, hA 24l (D, ) hA h D, 2k

Thus
1D, D, (D 1]
UO = —=% 4 79 n == (+—=—

-1
AV 3222 103 L Bruhet2oF
50 \2) 205 \2) 10
=4.32Btu/hr-ft? -°F
The overall heat transfer coefficient based on the inner surface is
1 1 1 1

= + In(D,/D;) +——
UiA  hA 27 ho A,

i:i+i.n(&}i:i+&.n(&)+i&
U, hA 2« (D, hA, h 2k (D;) h,D,

Ui{hifzk'[oij "o }
:Ksloj 22(3152) U io(‘ﬂ Btu/hr 12 .°F

=6.48Btu/hr-ft* -°F

Discussion The two overall heat transfer coefficients differ significantly with U; larger than U, by a factor of 1.5. The overall
heat transfer coefficient ratio can be expressed as
1 1 Ui A _D_g
Uvo UiAi Uo AI Di

Thus

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




11-5

11-17 Refrigerant-134a is cooled by water in a double-pipe heat exchanger. The overall heat transfer coefficient is to be
determined.

Assumptions 1 The thermal resistance of the inner tube is negligible since the tube material is highly conductive and its
thickness is negligible. 2 Both the water and refrigerant-134a flow are fully developed. 3 Properties of the water and
refrigerant-134a are constant.

Properties The properties of water at 20°C are (Table A-9) Cold water
p =998 kg/m?
v=ul p=1.004x10"° m?/s

k =0.598 W/m°C
Pr=7.01

Analysis The hydraulic diameter for annular space is

D, =D, —-D; =0.025-0.01=0.015m Hot R-134a

The average velocity of water in the tube and the Reynolds number are
m 0.3kg/s

Vayg =%= o\ ” —~ =0.729m/s
p p{ﬁ D,2-D, J (gggkg/mg)[ﬂ(o.ozsm) —(0.01m) J

4

VayyDh  (0.729m/s)(0.015m)

Re= —
v 1.004x10™° m- /s

=10,890

which is greater than 4000. Therefore flow is turbulent. Assuming fully developed flow,

hD
Nu=—" =0.023Re®® Pr%* =0.023(10,890) %8 (7.0)%* =85.0
and
hy = Ny = 2OBWIMTC o5 1) = 3390 Wim?.oC
Dy, 0.015m

Then the overall heat transfer coefficient becomes

— 1 — 1 _ 2 o
U=—r"7= . . =1856W/m?.°C

+
hi h, 4100 W/m?.°C 3390 W/m?.°C

Discussion This problem can also be solved using Gnielinski equation. First the friction factor is
determined from the first Petukhov equation.

f =(0.790InRe—1.64) 2 =[0.790In(10,890) —1.64] 2 = 0.03074
hD,  (f/8)(Re—1000)Pr  (0.03074/8)(10,890—1000)(7.01)

Nu== "= = ~86.04
k  1+12.7(f/8)°5(Pr23~1) 1+12.7(0.03074/8)*%(7.012"3 ~1)
hy = Nu = 22B8WIMIC (a6 04y = 3430 Wim2 oC
Dh 0.015m
1 1 - -
UsT—71= 1 i —1868W/m?.°C

+ 2 + 2
h " hy  4100W/m2°C 3430 W/m2.°C

The result is very close to that obtained by using the modified Colburn equation for the Nusselt number.
Therefore, different heat transfer correlations can be used to solve for the heat transfer coefficient.
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11-18 Refrigerant-134a is cooled by water in a double-pipe heat exchanger. The overall heat transfer coefficient is to be
determined.

Assumptions 1 The thermal resistance of the inner tube is negligible since the tube material is highly conductive and its
thickness is negligible. 2 Both the water and refrigerant-134a flows are fully developed. 3 Properties of the water and
refrigerant-134a are constant. 4 The limestone layer can be treated as a plain layer since its thickness is very small relative to
its diameter.

Properties The properties of water at 20°C are (Table A-9) Cold water
p =998kg/m?
v=ul p=1.004x10"% m?/s
k =0.598 W/m°C
Pr=7.01

Analysis The hydraulic diameter for annular space is

D, =D,—-D,; =0.025-0.01=0.015m Hot R-134a
Limestone
The average velocity of water in the tube and the Reynolds number are

m m _ 0.3kg/s 0729 m/s

Vavg_ -
2 2 2 2
oA, ( D, 4-Di J (@98 kg/ 3)( (0.025m)? —(0.01m) J

4

VagDn  (0.729 m/s)(0.015m)

Re = 2
4 1.004x10™° m* /s

=10,890

which is greater than 10,000. Therefore flow is turbulent. Assuming fully developed flow,

hD
Nu = Th =0.023Re%® Pr% =0.023(10,890) % (7.01) %4 =85.0

and

hy = Nu = E5BWIMTC o0 0) = 3390 Wi oC
D, 0.015m

Disregarding the curvature effects, the overall heat transfer coefficient is determined to be

1 1 )
_ — 481W/m2.°
L 1 1 0.002m 1 81W/m=.°C

U =
SR ——
e \K imeson Mo~ 4100 W/m?.°C ~ 1.3W/m°C 3390 W/m?.°C
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13
11-19 Prob. 11-18 is reconsidered. The overall heat transfer coefficient as a function of the limestone thickness is to be
plotted.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

D_i=0.010 [m]
D_0=0.025 [m]

T_w=20 [C]

h_i=4100 [W/m"2-C]
m_dot=0.3 [kg/s]
L_limestone=2 [mm]
k_limestone=1.3 [W/m-C]

"PROPERTIES"
k=conductivity(Water, T=T_w, P=100)
Pr=Prandtl(Water, T=T_w, P=100)
rho=density(Water, T=T_w, P=100)
mu=viscosity(Water, T=T_w, P=100)
nu=mu/rho

"ANALYSIS"

D_h=D _o-D_i

Vel=m_dot/(rho*A_c)

A_c=pi*(D_o"2-D_i"2)/4

Re=(Vel*D_h)/nu

"Re is calculated to be greater than 10,000. Therefore, the flow is turbulent.
Nusselt=0.023*Re”0.8*Pr"0.4

h_o=k/D_h*Nusselt

U=1/(1/h_i+(L_limestone*Convert(mm, m))/k_limestone+1/h_o0)

I—Iimestone U

[mm] [Win-C] 800y
1 762.4 750
11 720.2 -
1.2 682.4 700
13 648.3 '
14 617.5 o
15 589.5 ~" 600
16 564 £ .
17 540.5 S 550
18 518.9 S ol
1.9 499 500
2 480.6 450
2.1 463.4 .
22 4475 400
23 432.6 a0l
5‘5‘ jégg 1 14 18 22 26 3
2.6 393.3 Liimestone [Mm]
27 381.8

28 370.9

29 360.6

3 350.9
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11-20E Water is cooled by air in a cross-flow heat exchanger. The overall heat transfer coefficient is to be determined.

Assumptions 1 The thermal resistance of the inner tube is negligible since the tube material is highly conductive and its
thickness is negligible. 2 Both the water and air flow are fully developed. 3 Properties of the water and air are constant.

Properties The properties of water at 180°F are (Table A-9E)
k = 0.388 Btu/h.ft.°F

Water
v =3.825x10"° 2 /s
Pr=2.15 180°F

The properties of air at 80°F are (Table A-15E) 4 ft/s T T T T T
k =0.01481Btu/h.ft.°F o
v=1697x10"* 2 /s A

Pr=0.7290 o

Analysis The overall heat transfer coefficient can be determined from

1 1 1

U h o hy

1 0o

The Reynolds number of water is

_VawDn _ (4f/5)[0.75/121]

Re 5
v 3.825x107° tt“ /s

= 65,360

which is greater than 10,000. Therefore the flow of water is turbulent. Assuming the flow to be fully developed, the Nusselt
number is determined from
hD
Nu = Th =0.023Re"® Pr®* = 0.023(65,360) %% (2.15)** = 222

and h, :L NU = 0.388 Btu/h.t.°F

(222) =1378 Btu/h.ft? .°F
D, 0.75/12

The Reynolds number of air is
_ VD _ (121/5)[3/(4 x12) {]
v 1697x107* 1% /s

The flow of air is across the cylinder. The proper relation for Nusselt number in this case is

Re = 4420

hD 0.62Re%5 pri/3 re V21"
Nu=—=0.3+ 1+
k b+(0.4/ Pr)z/a]““ 282,000

0.5 1/3 5/8
0.3, 0:62(4420) (0.7290)/4 {1{ 4420 J ] Cane
[+ (0.4/0.720012] 282,000
and =X Ny = QOMBLIBWNRCE o) o6 — g 26 BHwh./2.0F
D 0.75/12

Then the overall heat transfer coefficient becomes

1 1 2

- - —8.21Btu/h.ft2.°F
U T 1 1 1 8 u/

+ 2 + 2
hi h, 1378Btuh.ft®°F  8.26 Btu/h.t2.°F
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11-21 A water stream is heated by a jacketted-agitated vessel, fitted with a turbine agitator. The mass flow rate of water
is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 There is no fouling. 5 Fluid properties are constant.

Properties The properties of water at 54°C are (Table A-9)

k =0.648 W/m°C Water 54°C
3 10°C
p =985.8kg/m —
1 =0513x10"° kg/m-s
Pr = 331 Steam
54OC 1000C
The specific heat of water at the average temperature of (10+54)/2=32°C is 4178 |__|

J/kg.°C (Table A-9)
Analysis We first determine the heat transfer coefficient on the inner wall of the vessel

i~ 2 -1 2 3
_NDzp _ (60/60s™)(0.2m)*(985.8kg/m®) _ 76,865
U 0.513x1072 kg/m-s

Re

Nu =0.76 Re?’® Prt/® = 0.76(76,865) /% (3.31)"/* = 2048

h =K Ny = 288WIMTC o048y — 9211 Wim? oC

' D, 0.6m
The heat transfer coefficient on the outer side is determined as follows

h, =13100(T, -T,,) % =13100(100-T,,) °*°

ho (Tg —Ty) =h; (T, —54)
13100(100-T,,) ®?*(100-T,,) = 2211(T,, —54)
13100(100-T,,)%"° = 2211(T,, —54)
—T, =89.2°C
h, =13,100(100-T,,) %% =13,100(100-89.2) *?° = 7226 W/m*-C

Neglecting the wall resistance and the thickness of the wall, the overall heat transfer coefficient can be written as

-1 ]
u:[iJri] :( t 1 ] ~1694 W/m? -C

_t
h, h, 2211 7226

From an energy balance

[mC(Tout =Tin)] water =UAAT
m,, (4178)(54 —10) = (1694)( x 0.6 x 0.6)(100 — 54)
m,, =0.479kg/s =1725kg/h
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11-22E The overall heat transfer coefficient of a heat exchanger and the percentage change in the overall heat transfer
coefficient due to scale built-up are to be determined.

Assumptions 1 Steady operating condition exists. 2 The heat transfer coefficients and the fouling factors are constant and
uniform.

Analysis When operating at design and clean conditions, the overall heat transfer coefficient is given as

U =50Btu/hr-1t 2 -°F

w/oscale
(a) After a period of use, the overall heat transfer coefficient due to the scale built-up is

l = 1 +Rf

u w/ scale u w/oscale

1
50 Btu/hr-ft 2 -°F
=0.022hr -t 2 - °F/Btu

+0.002hr -t 2 - °F/Btu

or

U =45.5Btu/hr-ft? - °F

w/ scale

(b) The percentage change in the overall heat transfer coefficient due to the scale built-up is

U w/oscale — U wiscale . 100 = 50-455 «100 = 9%
5

u w/oscale

Discussion The scale built-up caused a 9% decrease in the overall heat transfer coefficient of the heat exchanger.
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11-23 Water flows through the tubes in a boiler. The overall heat transfer coefficient of this boiler based on the inner surface
area is to be determined.

Assumptions 1 Water flow is fully developed. 2 Properties of the water are constant.

Properties The properties of water at 110°C are (Table A-9)

v=ul p=0.268x10"° m?/s
k =0.682 W/m?.K
Pr=1.58

Analysis The Reynolds number is

1% 0.268x10°m? /s Do, Ao, ho, U , Reo
which is greater than 10,000. Therefore, the flow is turbulent. Assuming fully Inner surface
developed flow, Di, Ai hi, Ui, Ry

hD;,

Nu = - 0.023Re®® Pr®* = 0.023(130,600)%8 (1.58)%4 =341.9

and

k 0.682 W/m*C
h= U=————

-2 (341.9) = 23,320 W/m?.°C
D, 0.01m

The total resistance of this heat exchanger is then determined from
1 N In(D, / D;) N 1
hi A 27kL ho A,
_ 1 .\ In(L.4/1) . 1
(23,320 W/m? .°C)[#(0.01m)(5m)]  [27(14.2 W/m°C)(Em)] (8400 W/m?.°C)[z(0.014 m)(5 m)]
=0.001569°C/W

R=Rita1 =Ri + Ryan + Ry =

and

1 1 1

— U, =— = _ =4057W/m?.°C
U;A RA  (0.001569°C/W)[(0.01m)(5 m)]
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11-24 Water is flowing through the tubes in a boiler. The overall heat transfer coefficient of this boiler based on the inner
surface area is to be determined.

Assumptions 1 Water flow is fully developed. 2 Properties of water are constant. 3 The heat transfer coefficient and the
fouling factor are constant and uniform.

Properties The properties of water at 110°C are (Table A-9)

v=ul p=0.268x10"° m?/s
k =0.682 W/m? K

Pr=1.58

Analysis The Reynolds number is
V. D 3.5m/s)(0.01m Outer surface
Re=—"2—" ( )(,6 2 ) =130,600 Do, Ao, ho, U, Ry
v 0.268x107° m“ /s
Inner surface
which is greater than 10,000. Therefore, the flow is turbulent. Assuming fully D;, A, hi, Ui, Ry
developed flow,
hD

Nu = Th =0.023Re%8 Pro =0.023(130,600) %8 (1.58)** =341.9
and

he K Nu= 0882WIM™C o) o) = 23 300 Wim? oC

D,  00lm

The thermal resistance of heat exchanger with a fouling factor of Ry ; =0.0005 m2.°C/W is determined from

R_ 1 +Rf,i+|n(Do/Di)+ 1
hA A 27KL hy A,
R 1 , 0.0005 m?2.°C/W
(23,320 W/m? .°C)[(0.01m) m)]  [#(0.01m)(5 m)]
In(.4/1) . 1
27(142W/meC)(5m) (8400 W/m?.°C)[z(0.014 m)(5 m)]
=0.004752°C/W

Then,

1 1 1

— U, =—= _ =1340W/m?.°C
U, A RA  (0.004752°C/W)[z(0.01m)(5 m)]
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13
11-25 Prob. 11-24 is reconsidered. The overall heat transfer coefficient based on the inner surface as a function of
fouling factor is to be plotted.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

T w=110 [C]

Vel=3.5 [m/s]

L=5[m]

k_pipe=14.2 [W/m-C]
D_i=0.010 [m]
D_0=0.014 [m]
h_0=8400 [W/m"2-C]
R_f_i=0.0005 [m"2-C/W]

"PROPERTIES"
k=conductivity(Water, T=T_w, P=300)
Pr=Prandtl(Water, T=T_w, P=300)
rho=density(Water, T=T_w, P=300)
mu=viscosity(Water, T=T_w, P=300)
nu=mu/rho

"ANALYSIS"

Re=(Vel*D_i)/nu "Re is calculated to be greater than 10,000. Therefore, the flow is turbulent.”
Nusselt=0.023*Re”0.8*Pr"0.4

h_i=k/D_i*Nusselt

A_i=pi*D_i*L
A_o=pi*D_o*L
R=1/(h_i*A_i)+R_f_i/A_i+In(D_o/D_i)/(2*pi*k_pipe*L)+1/(h_o*A_o)
U_i=1/(R*A_i)

Rsj Ui 3000

[m%-C/W] | [W/m*-C] A

0.0001 2882 r

0.00015 | 2519 2550 |

0.0002 2238

0.00025 | 2012 o r

0.0003 1828 ~ 2100

0.00035 | 1675 £ r

0.0004 1546 = w50l

0.00045 | 1435 = i

0.0005 1339 r

0.00055 | 1255 1200l

0.0006 1181 i

0.00065 | 1115 r

0.0007 1056 7500 . . . . . .

0.00075 1003 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008

0.0008 955.2

Ry [m*-C/W]
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11-26 The heat transfer coefficients and the fouling factors on tube and shell side of a heat exchanger are given. The thermal
resistance and the overall heat transfer coefficients based on the inner and outer areas are to be determined.

Assumptions 1 The heat transfer coefficients and the fouling factors are constant and uniform.
Analysis (a) The total thermal resistance of the heat exchanger per unit length is

R=—+—+———+—+
hA A 27kL A, hyA,
R 1 . (0.0005 m?.°C/W)
(700 W/m?.°C)[z(0.012m)(1m)]  [7(0.012m)(1m)]
In1.6/1.2) , (0.0002 m2.°C/W)
27(380 W/m?2C)(Am)  [#(0.016 m)(1m)]
1 Outer surface
4 Do, Ao, ho, Up , R
(1400 W/m?.°C)[(0.016 m)(L m)] | 0 °f o =0 T
nner surface
=0.0694PC/W Dy, A hi U:, Ry
(b) The overall heat transfer coefficient based on the inner and the outer surface
areas of the tube per length are

1 1 1

R: = e—
UA U;A UA,
1 1 )
U =—= =382W/m?2.°C
RA;  (0.06947 °C/W)(0.012 m)(1 m)]
U ! ! =286 W/m?.°C

° " RA,  (0.06947 °C/W)z(0.016 m)(Lm)]
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11-27 Prob. 11-26 is reconsidered. The effects of pipe conductivity and heat transfer coefficients on the thermal

resistance of the heat exchanger are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
k=380 [W/m-C]
D_i=0.012 [m]
D_0=0.016 [m]
D_2=0.03 [m]

h_i=700 [W/m"2-C]
h_0=1400 [W/m"2-C]

R_f_i=0.0005 [m"2-C/W]
R_f_0=0.0002 [m"2-C/W]

"ANALYSIS"

R=1/(h_i*A_i)+R_f _i/A_i+In(D_o/D_i)/(2*pi*k*L)+R_f_o/A_o+1/(h_o*A_0)
L=1 [m] “a unit length of the heat exchanger is considered"

A _i=pi*D_i*L
A_o=pi*D_o*L
U_i=1/(R*A i)

U_o=1/(R*A_o)

k R
[W/m-C] | [C/W]

10 0.07392
30.53 0.07085
51.05 0.07024
71.58 0.06999
92.11 0.06984
112.6 0.06975
133.2 0.06969
153.7 0.06964
174.2 0.06961
194.7 0.06958
215.3 0.06956
235.8 0.06954
256.3 0.06952
276.8 0.06951
297.4 0.0695

317.9 0.06949
338.4 0.06948
358.9 0.06947
379.5 0.06947
400 0.06946

R [C/W]

0.074
0.073[
0.072|

0.071]

0.069 L

0.07]

50

100

150

200 250

k [W/m-C]

300

350

400
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hi R
[W/m*-C] | [C/IW]
500 0.08462
550 0.0798
600 0.07578
650 0.07238
700 0.06947
750 0.06694
800 0.06473
850 0.06278
900 0.06105
950 0.05949
1000 0.0581
1050 0.05684
1100 0.05569
1150 0.05464
1200 0.05368
1250 0.05279
1300 0.05198
1350 0.05122
1400 0.05052
1450 0.04987
1500 0.04926
ho R
[W/m?-C] | [C/W]
1000 0.07515
1050 0.0742
1100 0.07334
1150 0.07256
1200 0.07183
1250 0.07117
1300 0.07056
1350 0.06999
1400 0.06947
1450 0.06898
1500 0.06852
1550 0.06809
1600 0.06769
1650 0.06731
1700 0.06696
1750 0.06662
1800 0.06631
1850 0.06601
1900 0.06573
1950 0.06546
2000 0.0652

R [C/W]

R [C/W]

0.085

0.08 -
0.075 -
0.07 -
0.065 -
0.06 -
0.055 -

500 700 900 1100 1300 1500

0.076

hi [W/m?-C]

0.074

0.072

0.07

0.068

0.066

1000 1200 1400 1600 1800 2000

ho = W/m2-C

11-16
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11-28 Hot oil entering a double pipe heat exchanger is cooled by cold water at 20°C. For the known values of oil and water
flow rates and fouling factors, the overall heat transfer coefficient on inner and outer surface of the copper tube are to be
determined.

Assumptions 1Steady state conditions exist. 2 Heat exchanger is well insulated. 3 The flow of oil and water is both
hydrodynamically and thermally fully developed. 4 Properties of oil and water are constant.

Properties The properties of oil are to be evaluated at the average inlet and exit temperatures of 150°C and 50°C or 100 °C.
The properties of oil at an average temperature of 100°C are (Table A-13)

p =840kg/m®, ¢, =2220J/kg-K, k =0.1367 W/m-K, 12 =0.01718kg/m-s and Pr=279.1

The properties of water evaluated at an average temperature at the average inlet and exit temperatures of 20°C and 70°C or
45°C are (Table A-9)

£ =990.1kg/m?, ¢, =4180J/kg-K ,k =0.637W/m-K , 1 =0.596x10"°kg/m-sand Pr=3.91
Analysis The overall heat transfer coefficient is determined as,

1 1 Rf,i In(D, / D;) Rf,o 1
— = + + + +
UA, hA A 27KL A, hyA

The internal and outer surface areas of the heat exchanger tube are,

A = 7D;L = 7(0.02 m)(1.5m) = 0.0942 m?
A, = D, L = 7(0.0225m)(1.5m) = 0.106 m?

We first need to determine the convection heat transfer coefficients at inner and outer pipe surfaces. Based on the mass flow
rate and density of oil the average velocity of the oil and the Reynolds number is calculated as follows,

am, 4(2 kgls)

V= 2 3 2
praD{  (840kg/m?)z (0.02m)

=7.58m/s

The Reynolds number for the flow of oil is,

_ pVD; (840 kg/m®)(7.58 m/s)(0.02m)
ou 0.01718kg/m s

Re =7412

The mass flow rate of cooling water can be determined from the heat balance such that the heat rejected by the hot engine oil
is equal to the heat absorbed by the cooling water

Q =myc ph (Th,in _Th,out) = n-"cc pc (Tc,out _Tc,in)
(444 W/K) (150 - 50)°C = rh, (4180kJ/kg - K) (70 - 20)°C
m, = 2.124 kg/s

Thus the mass flow rate of cooling water is 2.124 kg/s. The hydraulic diameter of the annular space on the shell side is
calculated as,

Dy, =(D, — D;)=(0.06 — 0.0225) m = 0.0375m
The average velocity of the cooling water is

V= 4m 4(2.124kgls) 1942 m/s

~ paD? (990.1kg/m?) m(0.0375m)?

The Reynolds number for the flow of water is,

_ pVD,  (990.1kg/m?)(1.942 m/s)(0.0375m)

Re 3
H 0.596x10™ kg/m-s

=120,980
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For both oil and water since 3x10® < Re<5x10° and 0.5<Pr<2000we can use from Chapter 9, the Gnielinski (1976)
correlation to find the Nusselt number and hence the convective heat transfer coefficient
_ (f/8)Re-1000)Pr
1+12.7,/( /8)(Pr?*-1)

where the friction factor f may be calculated from the explicit first Pteukhov equation [Pteukhov (1970)] as,

f =(0.79InRe-1.64)°
For oil, f =(0.79In(7412) —1.64) > = 0.03429

For water, f =(0.79In(120980) —1.64) > = 0.01728

The Nusselt number for oil and water side are calculate as

For ail,
(f /8(Re-1000)Pr  0.00428(6412) x 279.1
= = =214.94
1+12.7,J(f/8)(Pr2/3-1)  1+12.7x0.0654(41.7)
and
he X nyo O2367WIM-K - o1 4 9ay—1469.11W/m2 - K
D 0.02m
For water,
(f/8YRe~1000)Pr  0.00216(119980) x 3.91
= = =540.91
1+12.7,(/8)[Pr?3-1)  1+12.7x0.0464(1.482)
and
h= K Ny 203TWIM-K 516 91y = 0188.25 Wim? - K
Dy, 0.0375m
Thus the overall heat transfer coefficient is determined as,
1 1 . 0.00015m? - K/W . In(0.0225/0.02)
UA;  (1469.1 W/m? - K)(0.0942m?) 0.0942 m? 2nm(25 W/m- K) (1.5m)
2
0.0001m f/ W 1 — =0.01083K/W
0.106m (9188.25W/m? - K)(0.106 m?)

Using the relationship
111
UA; UiA UghA,
Thus the overall heat transfer coefficient based on inner surface of the tube is
Ui = 979.4 W/m’-K.

The overall heat transfer coefficient based on outer surface of the tube is
U, = 871.09 W/m?-K.
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Analysis of Heat Exchangers

11-29C The heat exchangers usually operate for long periods of time with no change in their operating conditions, and then
they can be modeled as steady-flow devices. As such , the mass flow rate of each fluid remains constant and the fluid
properties such as temperature and velocity at any inlet and outlet remain constant. The kinetic and potential energy changes
are negligible. The specific heat of a fluid can be treated as constant in a specified temperature range. Axial heat conduction
along the tube is negligible. Finally, the outer surface of the heat exchanger is assumed to be perfectly insulated so that there
is no heat loss to the surrounding medium and any heat transfer thus occurs is between the two fluids only.

11-30C That relation is valid under steady operating conditions, constant specific heats, and negligible heat loss from the heat
exchanger.

11-31C The mass flow rate of the cooling water can be determined from Q = (MCPAT )coolingwater - T e rate of condensation of
the steam is determined from Q:(mhfg)steam, and the total thermal resistance of the condenser is determined from

R=Q/AT.

11-32C The product of the mass flow rate and the specific heat of a fluid is called the heat capacity rate and is expressed as
C =mc, . When the heat capacity rates of the cold and hot fluids are equal, the temperature change is the same for the two

fluids in a heat exchanger. That is, the temperature rise of the cold fluid is equal to the temperature drop of the hot fluid. A
heat capacity of infinity for a fluid in a heat exchanger is experienced during a phase-change process in a condenser or boiler.

11-33C When the heat capacity rates of the cold and hot fluids are identical, the temperature rise of the cold fluid will be
equal to the temperature drop of the hot fluid.
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11-34 Hot and cold fluid streams have same heat capacity rates. It is to be proved that the temperature profiles of the hot and
cold fluids are parallel to each other at any given section of the heat exchanger.

Assumption 1 Heat exchanger is well insulated. 2 Fluid properties do not change with heat exchanger length.

Analysis Assuming heat exchanger to be well insulated and the heat transfer occurs only between the hot and cold fluid, the
heat transfer across the differential section of the heat exchanger can be expressed as,

Thus the rate of heat loss from the hot fluid at any section of the heat exchanger is equal to the rate of heat gain by the cold
fluid in that section.

However, in a counter flow heat exchanger, the temperature of both hot and cold stream decreases in the direction of
heat exchanger length. Thus we have,

The above energy balance can be written as,
TA
Hot fluid

Ch

dT, =- R and dT, =— R

mthh mccpc
Thus we get,

dTh—ch:—A+i:—éQ( t 1 J:dAT

mhcph mccpc thph mthh

For same heat capacity rates of both hot and cold fluid Cold fluid
streams, we have, C.=C;

dT, —dT, = dAT =0

s

L . AT = AT, = AT, = constant
This implies that the temperature difference between the hot : e

and cold fluid stream at any given section remains constant.

Hence, the temperature profile of two fluid streams (hot and > x
cold) that have same heat capacity rates is parallel to each Inlet Outlet
other at every section of the counter flow heat exchanger as

shown in the figure.
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The Log Mean Temperature Difference Method

11-35C AT, is called the log mean temperature difference, and is expressed as

AT, —AT
ATIm — #
In(AT, / AT,)

where

AT =Thin-Te AT, =Thout~ Teout for parallel-flow heat exchangers

,in
and

AT =Toin-Teout  ATo =Thout~Teiin for counter-flow heat exchangers

11-36C The temperature difference between the two fluids decreases from AT, at the inlet to AT, at the outlet, and arithmetic

. . . AT, + AT L . . .
mean temperature difference is defined as AT, = % The logarithmic mean temperature difference AT, is obtained
by tracing the actual temperature profile of the fluids along the heat exchanger, and is an exact representation of the average
temperature difference between the hot and cold fluids. It truly reflects the exponential decay of the local temperature
difference. The logarithmic mean temperature difference is always less than the arithmetic mean temperature.

11-37C AT, cannot be greater than both AT, and AT, because ATy, is always less than or equal to AT,, (arithmetic mean)
which can not be greater than both AT, and AT,.

11-38C In the parallel-flow heat exchangers the hot and cold fluids enter the heat exchanger at the same end, and the
temperature of the hot fluid decreases and the temperature of the cold fluid increases along the heat exchanger. But the
temperature of the cold fluid can never exceed that of the hot fluid. In case of the counter-flow heat exchangers the hot and
cold fluids enter the heat exchanger from the opposite ends and the outlet temperature of the cold fluid may exceed the outlet
temperature of the hot fluid.

AT, — AT .
L 2 correction factor

11-39C First heat transfer rate is determined from Q =rc [T.. -T. ], AT;, from AT, =—=+ — 2
Q=mMCy [Tin ~Toul ATi ™ T In(AT, / AT,)

from the figures, and finally the surface area of the heat exchanger from Q = UAFDT,;, cr

11-40C The factor F is called as correction factor which depends on the geometry of the heat exchanger and the inlet and the
outlet temperatures of the hot and cold fluid streams. It represents how closely a heat exchanger approximates a counter-flow
heat exchanger in terms of its logarithmic mean temperature difference. F cannot be greater than unity.

11-41C In this case it is not practical to use the LMTD method because it requires tedious iterations. Instead, the
effectiveness-NTU method should be used.
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11-42C The AT, will be greatest for double-pipe counter-flow heat exchangers.

11-43 Water is heated in a double-pipe, parallel-flow uninsulated heat exchanger by geothermal water. The rate of heat
transfer to the cold water and the log mean temperature difference for this heat exchanger are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Changes in the kinetic and potential energies of fluid streams are
negligible. 4 There is no fouling. 5 Fluid properties are constant.

Properties The specific heat of hot water is given to be 4.25 kJ/kg.°C.
Analysis The rate of heat given up by the hot water is
Qh = [mcp (Tin _Tout)] hot water

= (L.4 kg/s)(4.25 ki/kg.°C)(85°C —50°C)
= 208.3kKW

The rate of heat picked up by the cold water is

Q. =(1-0.03)Q;, = (1-0.03)(208.3kW) =202.0kW
The log mean temperature difference is

Q 202.0 kW

< = =43.9°C
UA  (1.15KW/m?-°C)(4 m?)

Q =UAAT,, — AT, =
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11-44 A stream of hydrocarbon is cooled by water in a double-pipe counterflow heat exchanger. The overall heat transfer
coefficient is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 There is no fouling. 5 Fluid properties are constant.

Properties The specific heats of hydrocarbon and water are given to be 2.2 and 4.18 kJ/kg.°C, respectively.

Analysis The rate of heat transfer is
Q=[mc p (Tout = Tin )l = (72073600 kg/s)(2.2 ki/kg.°C)(150°C — 40°C) = 48.4 kKW
The outlet temperature of water is

Q = [I’flC p (Tout _Tin )]w
48.4 KW = (540 / 3600 kg/s)(4. 18 kI/kg.°C)(T y o4t —10°C)
Twout =87.2°C

The logarithmic mean temperature difference is
AT) =Ty jn —T¢ out =150°C-87.2°C = 62.8°C
ATy =Thout — Tein =40°C-10°C =30°C

and

AT _ AT-AT, | 628-30 _ .-
™ T In(AT, /AT,) In(62.8/30)

The overall heat transfer coefficient is determined from

Q =UAAT,,
48.4 KW =U (7 x 0.025x 6.0)(44.4°C)
U =2.31kW/m? -K

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




11-24

11-45 Water is heated in a double-pipe parallel-flow heat exchanger by geothermal water. The required length of tube is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The heat 60°C
exchanger is well-insulated so that heat loss to the surroundings is
negligible and thus heat transfer from the hot fluid is equal to the
heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 There is no
fouling. 5 Fluid properties are constant.

Properties The specific heats of water and geothermal fluid are
given to be 4.18 and 4.31 kJ/kg.°C, respectively.

Water

Analysis The rate of heat transfer in the heat exchanger is 25°C
Q=[rmc p (Tout = Tin ) water = (0.2 kg/s)(4.18kI/kg.°C)(60°C —25°C) = 29.26 kW
Then the outlet temperature of the geothermal water is determined from
- Q 29.26 kW
=[mc, (T, - T —— Ty =Tjp ——— =140°C - =117.4°C
Q [ p(rm out)]geot.water out in me (0.3 kg/s)(4.31kJ/kg.°C)

p
The logarithmic mean temperature difference is

ATy =Ty —Tein =140°C—-25°C =115°C
ATy =Ty out = Te out =117.4°C—-60°C = 57.4°C
and

AT _ AT AT, | 115-574 oo
™ T In(AT,/AT,) In(15/57.4)

The surface area of the heat exchanger is determined from

Q 29.26 kW

= - =0.642m’
UAT},,  (0.55kW/m?)(82.9°C)

Q =UAAT,, A =

Then the length of the tube required becomes

A . §
A, DL LD 06eemT oo
D 7(0.008m)
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3
11-46 Prob. 11-45 is reconsidered. The effects of temperature and mass flow rate of geothermal water on the length of
the tube are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
T_w_in=25[C]

T _w_out=60 [C]
m_dot_w=0.2 [kg/s]
c_p_w=4.18 [kJ/kg-C]
T_geo_in=140 [C]
m_dot_geo0=0.3 [kg/s]
C_p_geo=4.31 [kJ/kg-C]
D=0.008 [m]

U=0.55 [kW/m"2-C]

"ANALYSIS"

Q_dot=m_dot_w*c_p_w*(T_w_out-T_w_in)
Q_dot=m_dot_geo*c_p_geo*(T_geo_in-T_geo_out)
DELTAT_1=T_geo_in-T_w_in

DELTAT_2=T_geo_out-T_w_out
DELTAT_Im=(DELTAT_1-DELTAT_2)/In(DELTAT_1/DELTAT_2)
Q_dot=U*A*DELTAT _Im

A=pi*D*L
Tgeo,in L
[C] [m]
100 53.73
105 46.81
110 41.62
115 37.56
120 3427
125 3154
130 29.24 —
135 27.26 £
140 2554
145 24.04 -
150 227
155 2151
160 20.45
165 19.48
170 18.61
175 17.81 !
180 17.08 10 ' . . . .
185 16.4 100 120 140 160 180 200
190 15.78
195 15.21 Tgeo,in [C]
200 14.67
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rhgeo L
[kg/s] [m]
0.1 46.31
0.125 35.52
0.15 31.57
0.175 29.44
0.2 28.1
0.225 27.16
0.25 26.48
0.275 25.96
0.3 25.54
0.325 25.21
0.35 24.93
0.375 24.69
0.4 24.49
0.425 24.32
0.45 24.17
0.475 24.04
0.5 23.92

25

20

0.1 0.15

0.2 0.25 0.3 0.35 04 0.45 0.5
Mgeo [KQ/S]

11-26
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11-47 Glycerin is heated by ethylene glycol in a thin-walled double-pipe parallel-flow heat exchanger. The rate of heat
transfer, the outlet temperature of the glycerin, and the mass flow rate of the ethylene glycol are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 There is no fouling. 5 Fluid properties are constant. 6 The thermal
resistance of the inner tube is negligible since the tube is thin-walled and highly conductive.

Properties The specific heats of glycerin and ethylene glycol are given to be 2.4 and 2.5 kJ/kg.°C, respectively.
Analysis (a) The temperature differences at the two ends are
AT, =Ty i —Tein =60°C —20°C = 40°C
ATy =Thout = Teout = Thout = (Thour =15°C) =15°C

Hot ethylene
and ™
60°C
AT, = AT, -AT, _ 40-15 _ 25.49°C 3 kols Giveeri
In(AT, / AT,) In(40/15) 2oycc:erm
Then the rate of heat transfer becomes 0.5 kg/s
Q =UA,AT,,, = (240 W/m? .°C)(3.2m?)(25.49°C) =19,576 W=19.58kW
(b) The outlet temperature of the glycerin is determined from
- Q 19.58 kKW
=[mc -T; in—> Tyt =Tip +——=20°C + =36.32°C
Q [ p(Tout in )]glycerln out in me (0.5 kg/s)(2.4kJ/kg.°C)
(c) Then the mass flow rate of ethylene glycol becomes
Q = [mC p (rin - TOut)]ethyleneglycol
. Q 19.58 kJ/s —0.902kg/s

m = =
Vel (Tin —Touw)  (2.5kJ/kg.°C)[60°C — (36.32 +15)°C]
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11-48 The heat transfer rate of a heat exchanger containing 400 tubes with specified inner and outer diameters and length is to
be determined.

Assumptions 1 Steady operating condition exists. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible. 3 Fluid properties are constant. 4 Changes in the kinetic and potential energies of fluid streams are negligible. 5
Thermal resistance of the tubes is negligible.

Analysis The overall heat transfer coefficient based on the outer surface is

D, L
1 11 L, Ll_A 1 DL 1

|~

0

D
Uvo - hiAi hvo Uo - I"'iAi ho _ﬂDiLhi ho Di

1
+ —
ho

-

or

-1 -1
U, = Dol 11 _ [éj(i}i Wim? - K = 2149 W/m? - K
D, h; h, 23 \ 3410 ) 6820

The heat transfer rate is
Q =UAATn
=nU 2D, LAT,,
= (400)(2149 W/m? - K)7(0.025 m)(3.7 m)(23 K)
=5.75x10%° W

Discussion If the inner to outer diameter ratio is neglected, the overall heat transfer coefficient based on the outer surface area
becomes

0

-1
- {hl + i} = 2273 W/m? - K

1 (0]

which is about 6% larger than the original value of U, = 2149 W/m? - K .
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11-49E The required number of tubes and length of tubes for a single pass heat exchanger to heat 100,000 Ibm of water in an
hour from 60°F to 100°F are to be determined.

Assumptions 1 Steady operating condition exists. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible. 3 Fluid properties are constant. 4 Changes in the kinetic and potential energies of fluid streams are negligible. 5
Thermal resistance of the tubes is negligible.

Properties The density and specific heat of water are given to be 62.3 Ibm/ft* and Cpc = 1 Btu/lbm-°F, respectively.

Analysis From the equation for mass flow rate, we have

m
m. = npAV — n=—=
¢ = NPA DAV
m, 100,000 Ibm/hr

n= = - L =141
PAV  (62.31bm/t2)(r/ 4)(1.2/12 1) (4 f/s)(3600 s/hr)

Hence, the number of tubes required to heat 100,000 Ibm of water in an hour is
n=15tubes

The overall heat transfer coefficient based on the inner surface is

1 1 1 1 A A 1 D1
uiAi hiAi hvo Ui hiAi hvo hi Do ho
where
D, = D; + 2t =1.44in.
Hence,

-1 -1
U = L N i+[ﬁji Bth/hr- 2 - °F = 400 Bth/hr- 1 2 - °F
h, D, h, 480 \1.44 ) 2000

The log mean temperature difference is

AT, —AT, _ (230—60)—(230—100)

ATy, = = °F =149.1°F
" In(AT,/AT,)  In[(230-60)/(230 —100)]

Using the equation for the heat transfer rate, we have

Q _ mccpc(Tc,out_Tc,in)

) =U,AAT,, =nU, D, LAT - L= =
Q iAAT i’ Im nU;D; AT}, nU; 7D AT,

| _ (100,000 lom/hr)(1 Btw/Ibm- °F)(100—~60)°F _ ., ..
(15)(400 Bth/hr -t 2 - °F) z(1.2/12 f )(149.1°F)

Discussion For process involving condensation, we have Ty i, =Ty oy -
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11-50 Hot engine oil and cooling water flows through a parallel heat exchanger at specified temperatures. The mass flow rate
of the cooling water, log mean temperature difference and the area of heat exchanger are to be determined.

Assumption 1 Thermal resistance of the thin walled copper tube is negligible. 2 Thermal properties of oil and water are
constant. 3 Heat exchanger is well insulated.

Analysis The heat transfer rate though the heat exchanger is

1
Q:mhcph(rh,in = Thout) Hot oil q
) —>
|

— (0.3Kg/s) (2048/kg - K) (80 — 40)° C e ] ' —=
=24.576 kW =
(a) From energy balance, LJ
Rate of heat loss by engine oil = Rate of heat gain by cooling water T

Thus we have, Cold water

20°C
n.']hcph (rh,in _Th,out) = I’hccpc (Tc,out _Tc,in)

o Con(Thin ~Thiout) _ 0.3kgls) (2048 J/kg - K)(80 — 40)°C _
C o Moot ~Tein) (4180J/kg - K)(32 — 20)°C

0.489 kg/s
(b) The log mean temperature difference is calculated based on the inlet and exit temperatures of the hot and cold fluids. The
temperature difference between the two fluids at inlet and exit of the heat exchanger are calculated as follows.
AT, =Tyin — Tein =80—20 =60 °C
and
AT, =Ty out — Te.our =40-32=8°C

ATy = = =25.8°C
In(AT, /AT,) In(60/8)

(c) The heat transfer rate in the heat exchanger is also calculated as,
Q =UAAT,,

The overall heat transfer coefficient is calculated as,

-1 1
U= I R OO S =238.6 W/m? - K
h h 750 350

1 (0]
Thus the surface area of the heat exchanger is,
Q 24576 W m?

= —3.99
UAT,, (238.6W/m?-K)(25.8°C)

A, =
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11-51 The hot and cold fluid streams at specified temperature and mass flow rate enter a parallel heat exchanger. For the
known values of convection heat transfer coefficients and fouling factors, the overall heat transfer coefficient, the exit
temperature of the hot fluid and the surface area of the heat exchanger are to be determined.

Assumptions 1 Thermal resistance due to pipe thickness is negligible. 2 Thermal properties of the hot and cold fluids are
constant. 3 Heat exchanger is well insulated.

Analysis (a) The overall heat transfer coefficient is calculated based on the given heat transfer coefficients and fouling factors
at the tube inlet and outlet surface. Since the tube is of negligible thickness, the inner and outer surface areas of the tube may
be assumed to be equal.

1 1 1 1

—=—4R; +Rf j+—=—""—
u h T T h T 300 wim? oK

1

+(0.0003 m? - K/W) +(0.0001 m? - K/W) + —————
800 W/m? - K

U =200.67 W/m? - K
(b) Rate of heat loss from hot fluid is

Q=11 (Thin — T out) = (3KA/S)(A150I/kg - K) (150° C ~Tj, o1
Rate of heat gain by the cold fluid is,

Q=mMcCpe(Te.out — Tein) = (0.5kg/s) (4180 J/kg - K) (70 —30)° C =83.6 kW
From energy balance we have

83.6 KW = (3450 W/K)(150° C — T}, out)
Thus we get the exit temperature of the hot side fluid to be

83.6x10° W
3450 W/K

Thout =150 =125.8°C

(c) Using the concept of log mean temperature difference, the heat transfer rate from the heat exchanger can also be calculated
as

Q =UAAT,,
where
AT, = AT=AT,
In(AT,/AT,)
ATy =Thin — Te,in =150-30 =120 °C
and

AT, =Ty out = Te out =125.8— 70 =55.8 °C

Thus the equation for log mean temperature difference is written as

120-55.8

=——— " _=8384°C
"™~ In(120/55.8)
Thus the surface area of the heat exchanger is,

Q _ 83.6x10° W g
UAT,,  (200.67 W/m? - K)(83.84°C)

A, =
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11-52 Ethylene glycol is heated in a tube while steam condenses on the outside tube surface. The tube length is to be
determined.
Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the tubes are smooth. 3 Heat transfer to the surroundings
is negligible.
Properties The properties of ethylene glycol are given to be p = 1109 kg/m?, Cp = 2428 Jlkg-K, k=0.253 W/m-K, p =
0.01545 kg/m-s, Pr = 148.5. The thermal conductivity of copper is given to be 386 W/m-K.
Analysis The rate of heat transfer is

Q=ric, (T, —T;) = (2.5 kg/s)(2428 J/kg.°C)(40 — 25)°C = 91,050 W

= 0
The fluid velocity is Ty =110°C
' Ethylene
Ve (1109 kg/ni?[fr%soz e glycol
. ' 2.5 kg/s
The Reynolds number is 250C
3
Re— pVD _ (1109 kg/m~)(7.176 m/s)(0.02m) 10,302 | L |
H 0.01545kg/m-s

which is greater than 10,000. Therefore, we have fully developed flow and evaluate the Nusselt number from turbulent flow
relation:
Nu = hTD =0.023Re®8 Pr®4 =0.023(10,302) %8 (148.5)%* = 275.9
Heat transfer coefficient on the inner surface is
h = k NU = 0.253 W/meC
D 0.02m
Assuming a wall temperature of 100°C, the heat transfer coefficient on the outer surface is determined to be

h, =9200(T, —T,,) *?° =9200(110-100) *?° =5174 W/m’ °C

(275.9) =3490 W/m? .°C

Let us check if the assumption for the wall temperature holds:
i A (T = Thavg) =ho Ao (Tg —Ty)
D L(Ty, =Ty avg) = oo L(Ty = T,)
3490 x 0.02(T,, —32.5) =5174x 0.025(110-T,) —— T, =82.84°C
Now we assume a wall temperature of 80°C:
h, =9200(T, —T,,) *%* =9200(110 —80) **° =3931 W/m’ °C

Again checking, 3490x0.02(T,, —30) =3931x0.025(110 -T,,)——>T,, =77.8°C

which is sufficiently close to the assumed value of 80°C. Now that both heat transfer coefficients are available, we use thermal
resistance concept to find overall heat transfer coefficient based on the outer surface area as follows:

1 1 )
U, = = =1613 W/m? - C
°" D, D In(D,/Dy) 1 0025 (0.025In(25/2) 1 m
h; D, 2K copper h, (3490)(0.02) 2(386) 3931

The rate of heat transfer can be expressed as
Q =U, A AT,
where the logarithmic mean temperature difference is
(Ty —Te)-(Ty —T;)  (110-40) - (110 - 25)

i To~Te |n(ﬁg“2‘0j
T, -T, -25
Substituting, the tube length is determined to be
Q=U,A,AT,,, —> 91,050 = (1613)77(0.025) L (77.26) ——> L =9.30m

=77.26°C

AT|m =
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11-53 A counter-flow heat exchanger has a specified overall heat transfer coefficient operating at design and clean conditions.
After a period of use built-up scale gives a fouling factor, (a) the rate of heat transfer in the heat exchanger and (b) the mass
flow rates of both hot and cold fluids are to be determined.

Assumptions 1 Steady operating condition exists. 2 The heat transfer coefficients and the fouling factors are constant and
uniform. 3 Fluid properties are constant.

Properties The specific heat of both hot and cold fluids is * T
given as 4.2 ki/kg-K.
Analysis When operating at design and clean conditions, Thin [ -— I‘T
the overall heat transfer coefficient is given as —=J —r— —— ;) .
== ] | Afr o
U wioscate = 284 W/m? - K o
(a) After a period of use, the overall heat transfer coefficient * :
. . ' i
due to the scale built-up is c. o
1 1 1 2 2
= +Rf = ————+0.0004 m* - K/W = 0.00392m* - KIW
uw/scale U w/o scale 284 W/m* - K
or
U /scale = 255 W/m? - K

The log mean temperature difference is

AT, -AT,  (93-38)—(71-27) ,

AT, = = C=49.3°C
IN(AT,/AT,)  In[(93—38)/(71-27)]

Then, the rate of heat transfer in the heat exchanger is

Q =UAAT,,, = (255 W/m? - K)(93m?)(49.3K) =1.17x10° W
(b) The mass flow rate of the hot fluid is
Q

Cph(Th, in _Th, out)

Q=mpCon(Mhin —Thouw) — My

117 x108 J/s

m, = =12.7kg/s
(4200J/kg- K)(93-7) K
The mass flow rate of the cold fluid is
0 117 %108 J/s

m, = = = 25.3Kkg/s
Cpc(Te,out = Te,in)  (4200J/kg - K)(38—27) K

Discussion The scale built-up caused a decrease in the overall heat transfer coefficient of the heat exchanger, which reduces
the heat removal capability of the heat exchanger.
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11-54 Qil is cooled by water in a thin-walled double-pipe counter-flow heat exchanger. The overall heat transfer coefficient of
the heat exchanger is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 There is no fouling. 5 Fluid properties are constant. 6 The thermal
resistance of the inner tube is negligible since the tube is thin-walled and highly conductive.

Properties The specific heats of water and oil are given to be 4.18 and
2.20 kJ/kg.°C, respectively.

Hot oil
Analysis The rate of heat transfer from the water to the oil is 150°C
Q= [mcp (rin _Tout)]oil Cold water
= (2kg/s)(2.2 k/kg.°C)(150°C — 40°C) —
= 484 KW 22°C
. . 1.5 kg/s
The outlet temperature of the water is determined from
) =[ri -T Tow =T + -2
Q = [me (Tout in )]water —> ot ="lint——
mc,
= 22°C + 484 kw 99.10°C

(1.5 kg/s)(4.18kJ/kg."C)
The logarithmic mean temperature difference is
ATy =T in — Te out =150°C —99.19°C = 50.81°C
ATy =Ty oyt = Tein =40°C —22°C=18°C

AT, -AT, _ 50.81-18

AT, = - =31.62°C
In(AT, /AT,) In(50.81/18)

Then the overall heat transfer coefficient becomes

Q 484 kW

- = =32.5kW/m?.°C
AAT,, 7(0.025m)(6 m)(31.62°C)
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11-55 Prob. 11-54 is reconsidered. The effects of oil exit temperature and water inlet temperature on the overall heat

transfer coefficient of the heat exchanger are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

T_oil_in=150 [C]

T _oil_out=40 [C]
m_dot_oil=2 [kg/s]
c_p_oil=2.20 [kJ/kg-C]

T w_in=22 [C]

m_dot_w=1.5 [kg/s]
C_p_w=4.18 [kJ/kg-C]

D=0.025 [m]
L=6 [m]

"ANALYSIS"

Q_dot=m_dot_oil*c_p_oil*(T_oil_in-T_oil_out)
Q_dot=m_dot_w*c_p_w*(T_w_out-T_w_in)
DELTAT_1=T_oil_in-T_w_out

DELTAT_2=T_oil_out-T_w_in
DELTAT_Im=(DELTAT_1-DELTAT_2)/In(DELTAT_1/DELTAT_2)

Q_dot=U*A*DELTAT_Im

A=pi*D*L
Toil,out U
[C] [KW/m?-C]
30 53.22
325 45.94
35 40.43
375 36.07
40 32.49
425 29.48
45 26.9
475 24.67
50 22.7
52.5 20.96
55 194
57.5 18
60 16.73
62.5 15.57
65 14.51
67.5 13.53
70 12.63

60

U [kW/m?-C]

30

45 50 55
Toil,out [C]
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[C] [KW/m?C]
5 20.7
6 21.15
7 21.61
8 22.09
9 22.6
10 23.13
11 23.69
12 24.28
13 24.9
14 25.55
15 26.24
16 26.97
17 27.75
18 28.58
19 29.46
20 30.4
21 31.4
22 32.49
23 33.65
24 34.92
25 36.29

U [kW/m?2-C]

11-36

38

Tw,in [C]
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11-56 Engine oil is heated by condensing steam in a condenser. The rate of heat transfer and the length of the tube required
are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 There is no fouling. 5 Fluid properties are constant. 6 The thermal
resistance of the inner tube is negligible since the tube is thin-walled and highly conductive.

Properties The specific heat of engine oil is given to be 2.1 kJ/kg.°C. The heat of condensation of steam at 130°C is given to
be 2174 kJ/kg.

Analysis The rate of heat transfer in this heat exchanger is
Q =[rc p (Tout = Tinloir = (0.3kg/s)(2.1kI/kg.°C)(60°C —20°C) = 25.2kW

The temperature differences at the two ends of the heat exchanger are
ATy =Thin = Teout =130°C—-60°C = 70°C
ATZ = Th,OLIt _Tc,in = 1300C - ZOOC = 1100C

and

AT, —AT, 70-110
AT|m = I = =
N(AT,/AT,) In(70/110)

o

The surface area is

= Q _ 25.3 kW —0.44m?
UAT),  (0.65kW/m?.°C)(88.5°C)
Then the length of the tube required becomes
A } 2
A DL — L=t 04M° oo
D 7(0.02m)
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11-57E Water is heated by geothermal water in a double-pipe counter-flow heat exchanger. The mass flow rate of each fluid
and the total thermal resistance of the heat exchanger are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat
exchanger is well-insulated so that heat loss to the surroundings is

negligible and thus heat transfer from the hot fluid is equal to the Cold Water
heat transfer to the cold fluid. 3 Changes in the kinetic and potential 140°F
energies of fluid streams are negligible. 4 There is no fouling. 5

Fluid properties are constant. Hot brine

Properties The specific heats of water and geothermal fluid are given
to be 1.0 and 1.03 Btu/lbm.°F, respectively. 270°F

Analysis The mass flow rate of each fluid is determined from

Q = [mC p (Tout _Tin )] water
0 40 Btu/s

Myater = = =0.667Ibm/s
Cp(Tow—Trm) (L0 Btu/lbm2F)(200°F —140°F)
Q = [mC p (rout _Tin )] geo.water
m Q 40 Btu/s = 0.431bm/s

9o AlEr = (Tout—Tin)  (L.03Btu/lom #F)(270°F —180°F)

The temperature differences at the two ends of the heat exchanger are
AT} =Ty in = T¢out = 270°F—200°F = 70°F
ATy =Ty out — Tein =180°F—140°F = 40°F

and
AT, - AToAT, | 7040 oo
IN(AT, /AT,) _ In(70/40)
Then
O =UAAT,, — >UA, =2 - 40BWS 260 Bruis©F
AT,, 53.61°F
U= L R= L = L =1.34s-°F/Btu
RA, UA, 0.7462 Btu/s°F
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11-58 Cold water is heated by hot water in a double-pipe counter-flow heat exchanger. The rate of heat transfer and the heat
transfer surface area of the heat exchanger are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 There is no fouling. 5 Fluid properties are constant. 6 The thermal
resistance of the inner tube is negligible since the tube is thin-walled and highly conductive.

Properties The specoific heats pf cold and hot water are given to be Cold Water
4.18 and 4.19 kJ/kg.°C, respectively. 15°C *
Analysis The rate of heat transfer in this heat exchanger is 1.25kgls
] Hot water
Q= [mcp (Tout _Tin )] cold water —
= (1.25 kg/s)(4.18 ki/kg.°C)(45°C —15°C) 130|‘(3/C
= 156.8kW gs =
45°
The outlet temperature of the hot water is determined from + >C
- ' . 156.8 kW 3
Q= [mcp (Tin _Tout)]hot water —> Tout = Tin — i =100°C =87.53°C

) (3kg/s)(4.19 kl/kg.°C)

The temperature differences at the two ends of the heat exchanger are
ATy =Thin = T out =100°C — 45°C =55°C
AT, =Ty out = Tein =87.53°C -15°C =72.53°C

and

AT, ~AT, _ 55-7253

AT, = - =63.36°C
In(AT, /AT,) In(55/72.53)

Then the surface area of this heat exchanger becomes

Q 156.8 kW 2 81m?

Q =UAAT = = =2.
oim A UAT,, (0.880 KW/m?.°C)(63.36°C)
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11-59E Steam is condensed by cooling water in a condenser. The rate of heat transfer, the rate of condensation of steam, and
the mass flow rate of cold water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 There is no fouling. 5 Fluid properties are constant. 6 The thermal
resistance of the inner tube is negligible since the tube is thin-walled and highly conductive.

Properties We take specific heat of water are given to be 1.0 Btu/lbm.°F.

The heat of condensation of steam at 90°F is 1043 Btu/Ibm. ggi?zm
Analysis (a) The log mean temperature difference is determined from ﬂ 20 Ibm/s
73°F

AT, =Thin = Teout = 90°F — 73°F =17°F

3 —
AT, =T out = Te.in = 90°F — 60°F = 30°F —=

AT, — AT -
ATimce = L 2_- 1730 =22.89°F
' In(AT, /AT,) In(17/30)

60°F
The heat transfer surface area is —
u Water
A, =8nzDL =8x50x 7(3/ 48 )(5 1) =392.7 1 2 (8 tube passes)

and 90°F *

Q =UAAT,,, = (600 Btu/h.ft2.°F)(392.7 f 2)(22.89°F) = 5.393x 10° Btu/h =1498Btu/s
(b) The rate of condensation of the steam is

Q  1498Btuls

—~ = T _1.441bm/s
hyy 1043Btu/lbm

Q=(mh fg )steam ——> Mgieam =

(c) Then the mass flow rate of cold water becomes

Q = [mC p (rout - Tin )] cold water
o B Q B 1498 Btu/s
e ¢ (Tou —Tin) (1.0 Btu/lbm2F)(73°F — 60°F]

=115lbm/s
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3
11-60E Prob. 11-59E is reconsidered. The effect of the condensing steam temperature on the rate of heat transfer, the
rate of condensation of steam, and the mass flow rate of cold water is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
N_pass=8
N_tube=50
T_steam=90 [F]

h_fg_steam=1043 [Btu/lbm]

T_w_in=60 [F]
T w_out=73 [F]

c_p_w=1.0 [Btu/lbm-F]

D=3/4*1/12 [ft]
L=5 [ft]
U=600 [Btu/h-ft’2-F]

"ANALYSIS"
ll(a)ll

DELTAT_1=T_ steam-T_w_out
DELTAT_2=T_steam-T_w_in

DELTAT_Im=(DELTAT_1-DELTAT_2)/In(DELTAT_1/DELTAT_2)
A=N_pass*N_tube*pi*D*L
Q_dot=U*A*DELTAT_Im*Convert(Btu/h, Btu/s)

“(0)"

Q_dot=m_dot_steam*h_fg_steam

Q)"
Q_dot=m_dot_w*c_p_w*(T_w_out-T_w_in)

Tsteam Q r’hsteam mw
[F] [Btu/s] [Ibm/s] [Ibmys]
80 810.5 0.7771 62.34
82 951.9 0.9127 73.23
84 1091 1.046 83.89
86 1228 1.177 94.42
88 1363 1.307 104.9
90 1498 1.436 115.2
92 1632 1.565 125.6
94 1766 1.693 135.8
96 1899 1.821 146.1
98 2032 1.948 156.3
100 2165 2.076 166.5
102 2297 2.203 176.7
104 2430 2.329 186.9
106 2562 2.456 197.1
108 2694 2.583 207.2
110 2826 2.709 217.4
112 2958 2.836 227.5
114 3089 2.962 237.6
116 3221 3.088 247.8
118 3353 3.214 257.9
120 3484 3.341 268
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11-61 Water is evaporated by hot exhaust gases in an evaporator. The rate of heat transfer, the exit temperature of the exhaust
gases, and the rate of evaporation of water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 There is no fouling. 5 Fluid properties are constant.

Properties The heat of vaporization of water at 200°C is given to

be hyy = 1941 kJ/kg and specific heat of exhaust gases is given to + Water
be Cp= 1051 J/kg°C 200°C
Analysis The temperature differences between the water and the 7] Th,out

exhaust gases at the two ends of the evaporator are ( -

AT, = Th,in _Tc,out =550°C -200°C = 350°C
ATZ = Th,out _Tc,in = (rh,out - ZOO)OC

and 550°C

—~—

ATy = ATy —AT, 350~ (Thou ~200) U Exhaust

IN(AT, /AT,)  In[350/(T;, gue — 200) | * gases
200°C
Then the rate of heat transfer can be expressed as

350- (Th,out - 200)

) =UA.AT,. = (L.780 kW/m?.°C)(0.5m?
Q=UAATIm = X )lnlaso/ahvout—zomj

1)

The rate of heat transfer can also be expressed as in the following forms

Q = [r‘hC p (Th,in _Th,out)] exhaust = (0-25 kg/s)(l.051 kJ/kg-OC)(SSOOC _Th,out) (2)

gases

Q = (mh fg )water = Myyager (1941kJ/kg) (3)
We have three equations with three unknowns. Using an equation solver such as EES, the unknowns are determined to be

Q =88.85kW
Thout =211.8°C

Myyaer = 0.0458kg/s
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11-62 Prob. 11-61 is reconsidered. The effect of the exhaust gas inlet temperature on the rate of heat transfer, the exit

temperature of exhaust gases, and the rate of evaporation of water is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
T_exhaust_in=550 [C]

c_p_exhaust=1.051 [kJ/kg-C]
m_dot_exhaust=0.25 [kg/s]

T_w=200 [C]
h_fg w=1941 [kJ/kg]
A=0.5 [m"2]
U=1.780 [kW/m"2-C]

"ANALYSIS"

DELTAT_1=T exhaust_in-T_w
DELTAT_2=T_exhaust_out-T_w

DELTAT Im=(DELTAT_1-DELTAT_2)/In(DELTAT_1/DELTAT_2)

Q_dot=U*A*DELTAT_Im

Q_dot=m_dot_exhaust*c_p_exhaust*(T_exhaust_in-T_exhaust_out)

Q_dot=m_dot_w*h_fg_w

Texhaust,in Q Texhaust,out mw

[C] [kw] [€] [kg/s]
300 25.39 203.4 0.01308
320 30.46 204.1 0.0157
340 35.54 204.7 0.01831
360 40.62 205.4 0.02093
380 45.7 206.1 0.02354
400 50.77 206.8 0.02616
420 55.85 207.4 0.02877
440 60.93 208.1 0.03139
460 66.01 208.8 0.03401
480 71.08 209.5 0.03662
500 76.16 210.1 0.03924
520 81.24 210.8 0.04185
540 86.32 2115 0.04447
560 91.39 212.2 0.04709
580 96.47 212.8 0.0497
600 101.5 213.5 0.05232
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11-63 The waste dyeing water is to be used to preheat fresh water. The outlet temperatures of each fluid and the mass flow
rate are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 There is no fouling. 5 Fluid properties are constant.

Properties The specific heats of waste dyeing water and the fresh water are given to be ¢, = 4295 J/kg.°C and ¢, = 4180
J/kg.°C, respectively.

Analysis The temperature differences between the dyeing water

and the fresh water at the two ends of the heat exchanger are \I/:vraetse?
ATl :Th,in _Tc,out =75 _Tc,out 15°C +
AT, :Th,out _Tc,in :Th,out -15 Dyeing }
water
& = 0 33—
and
75°C I Th,out
ATl - AT2 _ (75 _Tc,out) - (Th,out _15) *

AT|m = =
IN(AT, /AT,) ~ I{(75 T 0u0) /(T ouc ~15)] .
c,out
Then the rate of heat transfer can be expressed as
Q=UAAT,,
(75 - Tc,out) - (rh,out - 15) (1)

35kW = (0.625 kW/m?.°C)(1.65 m?)
|n|_(75 - Tc,out) /(Th,out - 15)J

The rate of heat transfer can also be expressed as

Q = [mC p (Th,in - Th,out)]dyeing—>35 KW = m(4-295 kJ/kg.°C)(75°C - Th,out) (2)

water

Q=[rcp (Thin —Thou)water ——35 KW =m(4.18kI/kg."C)(T oy —15°C)  (3)

We have three equations with three unknowns. Using an equation solver such as EES, the unknowns are determined to be
Teout =68.2°C
Thout =23.3°C
m=0.158kg/s
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11-64 Counterflow double pipe heat exchanger with a surface area of 7.5 m? and U = 450 W/m?-K is used to heat the engine
oil using water at 100°C. It is to be determined if fouling has occurred in the heat exchanger over a period of time.

Assumptions 1 Steady state conditions exist. 2 Heat exchanger is well insulated. 3 Fluid properties remain constant.

Properties Heat capacity of engine oil is evaluated at an average temperature of (25 +55)°C/2 = 40°C from Table A-13: ¢, =
1964 J/kg-K.

Analysis From the energy balance between hot water and engine oil we have,
Heat lost by water = Heat gained by engine oil
Q = rhccpc (rc,out _Tc,in) = mhC ph (Th,out - Th,in )
-.Q=(2.5kg/s) (1964 J/kg - K) (55 - 25)° C =147.3 kW

Thus, the exit temperature of hot water is,

Q o 147.3kW

Thout = Thin — —— =100°C — =
noutT MY e (1.75kg/s) (4206 J/kg - K)

80 °C

The heat transfer rate is calculated as
Q=UAAT,,
Now the logarithmic temperature difference is calculated as
In(AT, /AT,)
ATy =Thin —Te.out =100—-55=45°C
and
AT, =T out — Tein =80—-25= 55°C

45-55

=27% __498°C
'™ ™ In(45/55)

Therefore the actual overall heat transfer coefficient is

0 147.3kW

= = =394.4W/m? - K
AAT,,  (7.5m?)(49.8°C)

Since the actual overall heat transfer coefficient (394.4 W/m*.K ) is less than the designed value of the overall heat transfer
coefficient (450 W/m?-K), it can be concluded that fouling has occurred in the heat exchanger. The thermal resistance caused
by fouling is then,

1 1 1 1 1 1

2 +R; =R; == — - — - ——=0.00031 m? - K/W
U Ugesign Ugesign  394.4W/m* -K 450 W/m?* - K

Discussion The fouling developed in the heat exchanger although cannot be prevented; it can be mitigated and controlled
periodically using techniques such as chemical cleaning, reversal of flow direction and use of turbulence promoters.
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11-65 Feed water at specified temperature and mass flow rate is to be heated by superheated steam in a counter flow heat
exchanger. For the known values of convection heat transfer coefficient surface area of the heat exchanger in counter flow and
parallel flow arrangement is to be determined.

Assumptions 1 Steady state operating conditions exist. 2 Heat exchanger is well insulated. 3 Fouling on the steam side is
assumed to be negligible. 4 Properties of steam and water stay constant. 5 Thermal resistance due to the pipe wall thickness is
neglected.

Properties The specific heat of water is determined at an average temperature of (30 + 70)°C/2 = 50°C from Table A-9 to be
Cc, = 4181 J/kg-K.

Analysis For a 70°C drop in steam temperature, the steam exit temperature is T, ,,, = 250—70 =180°C . The exit temperature

of the water is to be maintained at a minimum temperature of 70°C.
(a) The rate of heat transfer in the heat exchanger is calculated as,

Q = UAsATIm = mccpc (Tc,out _Tc,in)

_ Steam
where AT, =M 250°C
In(AT, /AT,) |
ATy =T in —Te.our =250-70=180°C
Water
and AT, =T out— Te,in =180—-30=150°C ;l..-'L- l = q
180150 » Q0 > > D>
AT, =——————=164.5°C
'™~ 1n(L80/150) LJ < ]
Now the overall heat transfer coefficient (U) is determined as,
i = i + i + Rf i \J
U h h ’

The fouling resistance on the feed water side is obtained from Table 11-2. Since the average temperature of the feed water as
it flows through heat exchanger is 50°C, we take the average value of fouling factor above and below 50°C as 0.00015
m*-K/W.

1 1 1

L= = ——+ 5

U 1250W/m°-K 850W/m*-K

The counter flow heat exchanger area to maintain the feed water exit temperature to a minimum of 70°C is calculated as,

- MChe(Teout —Tein)  (3.47kgls)(4181J/kg - K)(70 —30)°C

UAT,, (470.26 W/m? - K) (164.5° C)

This is the heat exchanger area required to maintain the feed water exit temperature to a minimum of 70°C.
(b) In case of parallel flow arrangement, the log mean temperature difference is calculated as,

In(AT, / AT,)

+0.00015m? - KIW — U =470.26 W/n? -K

7.5 m?

o ATy =T in —Tein = 250-30=220°C

and

AT, =Th out — Te.out =180—70=110°C
_220-110

™~ In(220/110)

Overall heat transfer coefficient remains the same for parallel flow arrangement. The parallel flow heat exchanger area to
maintain the feed water exit temperature to a minimum of 70°C is calculated as,

_MeCpe(Teout —Tein) _ (3.47Kg/s) (4181J/kg - K) (70 —30)°C
UAT,, (470.26 W/m? - K) (158.7°C)

Discussion The parallel flow arrangement requires about 3.6% higher heat transfer area. Fouling on the steam side is not
considered in this problem. However, over a long run the superheated steam may cause fouling on the tubes outer surface
leading to a decrease in the overall heat transfer coefficient and hence requiring a higher heat exchanger area.

=158.7°C

=7.78m?
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11-66 During an experiment, the inlet and exit temperatures of water and oil and the mass flow rate of water are measured.
The overall heat transfer coefficient based on the inner surface area is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 Fluid properties are constant.

Properties The specific heats of water and oil are given to be 4180 and 2150 J/kg.°C, respectively.
Analysis The rate of heat transfer from the oil to the water is

Q= [he, (Tout = Tin)lwater = (3Kg/5)(4.18k/kg.°C)(55°C —20°C) = 438.9kW
The heat transfer area on the tube side is

A, =nzD;L = 247(0.012m)@2 m) =1.8m? Gil
120°C

"S-

The logarithmic mean temperature difference for counter-flow arrangement 55°C

and the correction factor F are G 3 ——

AT} =Ty in =T our =120°C-55°C = 65°C
AT, =Thout —Tejin = 45°C—20°C = 25°C

AT AT-AT, _ 65-25 . o0 20°C
Im,CF — - = .
! IN(AT, / AT,)  In(65/25) u <—Water
P t,—t; 55-20 035 24 tubes 3 kals
TT,-t, 120-20 145°C
vt F =070
R Ti-Tp 120-45 .,

t,—t, 55-20
Then the overall heat transfer coefficient becomes

0 438.9 kKW

= = =8.31kW/m?.°C
AFATcr (1.8m?)(0.70)(41.9°C)

Q =U i Ai I:ATIm,CF Ui
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11-67 Oil is heated by water in a 1-shell pass and 6-tube passes heat exchanger. The rate of heat transfer and the heat transfer
surface area are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 There is no fouling. 5 Fluid properties are constant.

Properties The specific heat of ail is given to be 2.0 kJ/kg.°C.
Analysis The rate of heat transfer in this heat exchanger is

Q =[mc, (Tout — Tin)lon = (10 Kg/S)(2.0kI/kg.°C)(46°C — 25°C) = 420k W

The logarithmic mean temperature difference for counter-flow * Water
arrangement and the correction factor F are ﬂ 80°C
AT, =Tpin — Te oyt =80°C —46°C = 34°C 46°C ~— 3
ATy =Ty ot — T in =60°C —25°C =35°C :{ |}
Oil
AT,—AT,  34-35 . 25°C —m )
ATimcr = I L 2 _= =34.50°C 10 ko
n(AT,/AT,) In(34/35) gls u L nell
shell pass
_ _ 60°C 6 tube passes
p_lal_46-25 . f ;
T,-t, 80-25
T,-T, 80-60 F=09%
R=2_2-"""-095
t,—t, 46-25

Then the heat transfer surface area on the tube side becomes

Q 4201w =13.1m?
UFAT,hce (1.0 KW/m?.°C)(0.93)(34.50°C)

Q :UAS FATIm,CF As =
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11-68E Glycerin is heated by hot water in a 1-shell pass and 8-tube passes heat exchanger. The rate of heat transfer for the
cases of fouling and no fouling are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 Heat transfer coefficients and fouling factors are constant and uniform. 5
The thermal resistance of the inner tube is negligible since the tube is thin-walled and highly conductive.

Properties The specific heats of glycerin and water are given to be 0.60 and 1.0 Btu/lbm.°F, respectively.

Analysis (a) The tubes are thin walled and thus we assume the inner surface area of the tube to be equal to the outer surface
area. Then the heat transfer surface area of this heat exchanger becomes

A, =nzDL =87(0.5/12 1)(500 ) =523.6 2

) Glycerin
The temperature differences at the two ends of the heat exchanger are + 65¥F
ATy =T in = Teout = 175°F — 140°F = 35°F m 120°F
AT, =Ty o4t — Ten =120°F — 65°F = 55°F = =)
—
(©
AT, — AT -
and  ATyep = Az _ 35790 o0 @ >
’ In(AT, /AT,) In(35/55) = >)
C
The correction factor is (c = EEJ "
t,—t, 120-175 Hot
P = 2 1 = = 0.50
T,—t, 65175 c 050 L e
T,-T, 65-140 o 1o *

R= 1.36

t,—t, 120-175

In case of no fouling, the overall heat transfer coefficient is determined from

— 1 — 1 _ 20
U=—r"p= 1 : = 3.704 Btu/h. % °F

+ +
i h, 50Btu/h.ft>.°F 4Btu/h.t?.°F

Then the rate of heat transfer becomes
Q=UAFAT,, c¢ =(3.704 Btu/h.t>.°F)(523.6 ft *)(0.50)(44.25°F) = 42,910Btu/h

(b) The thermal resistance of the heat exchanger with a fouling factor is

_ 1 Re 1
hiA A hyA
_ 1 , 0.002h.f 2 °F/Btu . 1
(50 Btu/h.t?.°F)(523.6 ft %) 523.6 1t 2 (4 Btu/h.t? °F)(523.6 ft ?)

=0.0005195 h.°F/Btu
The overall heat transfer coefficient in this case is
1 U 1 1

- - . =3.676 Btu/h.t%.°F
UA, RA,  (0.0005195 h.°F/Btu)(523.6 1 2)

Then rate of heat transfer becomes

Q =UAFAT,, c¢ = (3.676 Btu/h.1t2.°F)(523.6 ft 2)(0.50)(44.25°F) = 42,585Btu/h
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11-69 Water is heated by ethylene glycol in a 2-shell passes and 12-tube passes heat exchanger. The rate of heat transfer and
the heat transfer surface area on the tube side are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 There is no fouling. 5 Fluid properties are constant.

Properties The specific heats of water and ethylene glycol are given to be 4.18 and 2.68 kJ/kg.°C, respectively.
Analysis The rate of heat transfer in this heat exchanger is :
Q=[mc p (Tout = Tin ) water = (0.8 kg/s)(4.18kJ/kg.°C)(70°C —22°C) =160.5kW
The logarithmic mean temperature difference for counter-flow
arrangement and the correction factor F are Ethylene
AT, =T in —Toour =110°C—70°C = 40°C to*c
ATy =Ty oyt = Tein =60°C—22°C = 38°C

70°C ~=— J

ATy o = AT, -AT, _ 40-38 o0 Water a( |}

In(AT, / AT,) In(40/38) 22°C —mm )

0.8 kg/s

_ t, -t _ 70-22 055 g J (12 tube passes)

T, -t 110-22
F =0.92
R:Tl -T, :110—60:1.04 60°C

t,—t, 70-22

Then the heat transfer surface area on the tube side becomes

9 160.5 KW 16.0m?
UFAThce  (0.28KW/m2.°C)(0.92)(39°C)

Q=U;A FATimcr A
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11-70

side surface area is to be investigated.

11-53

Prob. 11-69 is reconsidered. The effect of the mass flow rate of water on the rate of heat transfer and the tube-

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

T w_in=22 [C]
T w_out=70 [C]

m_dot_w=0.8 [kg/s]

c_p_w=4.18 [kJ/kg-C]

T_glycol_in=110 [C]
T_glycol_out=60 [C]

c_p_glycol=2.68 [kJ/kg-C]

U=0.28 [kW/m"2-C]

"ANALYSIS"
Q_dot=m_dot_w*c_p_w*(T_w_out-T_w_in)

Q_dot=m_dot_glycol*c_p_glycol*(T_glycol_in-T_glycol_out)
DELTAT_1=T_glycol_in-T_w_out
DELTAT_2=T_glycol_out-T_w_in

DELTAT_Im_CF=(DELTAT_1-DELTAT_2)/In(DELTAT_1/DELTAT_2)
P=(T_w_out-T_w_in)/(T_glycol_in-T_w_in)

R=(T_glycol_in-T_glycol_out)/(T_w_out-T_w _in)
F=0.92 "from Fig. 11-19b of the text at the calculated P and R"
Q_dot=U*A*F*DELTAT_Im_CF

My Q A ,

ka/sl | wy | (]

0.4 80.26 7.99

0.5 100.3 9.988
0.6 120.4 11.99
0.7 140.4 13.98
0.8 160.5 15.98
0.9 180.6 17.98
1 200.6 19.98
1.1 220.7 21.97
1.2 240.8 23.97
1.3 260.8 25.97
14 280.9 27.97
1.5 301 29.96
1.6 321 31.96
1.7 341.1 33.96
1.8 361.2 35.96
1.9 381.2 37.95
2 401.3 39.95
2.1 421.3 41.95
2.2 441.4 43.95

450 T T T T 50
400+ 145
350} 1#°
heat 135
300+ i
E‘ area 30"
Z 250} -
X, 0 {25
O 200} {1 <
120
150} 145
100+ 410
50 Il Il Il Il 5
0.25 0.65 1.05 1.45 1.85 2.25
m,, [kg/s]
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11-71E A 1-shell and 2-tube heat exchanger has specified overall heat transfer coefficient, inlet and outlet temperatures, and
mass flow rates, (a) the log mean temperature difference and (b) the surface area of the heat exchanger are to be determined.

Assumptions 1 Steady operating condition exists. 2 The

- - ‘) )
heat exchanger is well-insulated so that heat loss to the 00w
surroundings is negligible. 3 Fluid properties are constant. 4 Th,in
Changes in the kinetic and potential energies of fluid
streams are negligible. P
- - . - D
Properties The specific heat of water is given to be (( I s Water flow
Cpc = 1.0 Btu/lom-°F. 7

Analysis (a) Using Fig. 11-19a, the correction factor can be
determined to be

. ount
Ct,-t,  100-80
ST, -t, 180-80
R Ti-T, _180-120 _
t,—t, 100-80

P

F~094 (Fig. 11-19a)

The log mean temperature difference for the counter-flow arrangement is

AT, —AT, _ (180-100)—(120-80)

ATy o = = C=57.7°F
'S T In(AT,/AT,)  In[(180—100)/(120 —80)]

Hence, the log mean temperature difference is
ATy, = FAT) o = 0.94(57.7°F) = 54.2°F
(b) The surface area of the heat exchanger can be determined using

Q _ mcCpC(TC,out_Tc,in)
UFATy, cr UFAT 1, cr

Q=UAFAT.ce — A=

(20,000 Ibm/hr)(1.0 Btu/lbm- °F)(100 — 80)°F

=184 ft?
(40 Btu/hr - 1 2 - °F)(0.94)(57.7°F)

A, =

Discussion The surface area of the heat exchanger can also be determined using the effectiveness-NTU method.
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11-72 Water is heated by hot oil in a 2-shell passes and 12-tube passes heat exchanger. The heat transfer surface area on the
tube side is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated
so that heat loss to the surroundings is negligible and thus heat transfer from the hot
fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and potential

energies of fluid streams are negligible. 4 There is no fouling. 5 Fluid properties are Qil
constant. 170°C
Properties The specific heats of water and oil are given to be 4.18 and ﬂ 10 kg/s
2.3 ki/kg.°C, respectively.

. o . 70°C —=— =)
Analysis The rate of heat transfer in this heat exchanger is
L Water § '}
Q=[mc p (rout ~Tin )] water 20°C —» >

= (4.5 kg/s)(4.18 kd/kg.°C)(70°C — 20°C) 4.5 kgls LJ

= 940.5kW (12 tube passes)

The outlet temperature of the oil is determined from

. 0 940.5 kW
=[me, (Tyy = Touoit — Tout = Tin ——— =170°C— =
Q [ p(TIn out)]ml out in me (10 kg/s)(2.3kJ/kg.°C)

29°C

The logarithmic mean temperature difference for counter-flow arrangement
and the correction factor F are

AT, =Thin ~Te.our =170°C—70°C =100°C
AT, =Thout ~Tein =129°C—20°C =109°C

AT, -AT, _ 100-109

ATy cr = = =104.4°C
©F T In(AT,/AT,)  In(100/109)

t, -t -
p:u:M:o_%
T,-t, 170-20

T, -T, 170-129

R= = =0.82
t,—t, 70-20

Then the heat transfer surface area on the tube side becomes

940.5 kW 05 7m?2

Q=UAFAT;, c¢ A, = Q. . -
UFAT\ncr  (0.350 kW/m?.°C)(1.0)(104.4°C)
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11-73 Water is heated by hot oil in a 2-shell passes and 12-tube passes heat exchanger. The heat transfer surface area on the
tube side is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is oil .
well-insulated so that heat loss to the surroundings is negligible and thus heat + 170°C
transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 ﬂ 10 kg/s

Changes in the kinetic and potential energies of fluid streams are negligible. 4
70°C —~=—

There is no fouling. 5 Fluid properties are constant. )
Properties The specific heats of water and oil are given to be 4.18 and 2.3 Water 1’ '}
20°C —= )

kJ/kg.°C, respectively.
3 kgls LJ

Analysis The rate of heat transfer in this heat exchanger is

(12 tube passes)
Q= [me, (Tout = Tinwater = (3K0/8)(@.18 kJ/kg.°C)(70°C — 20°C) = 627 KW +

The outlet temperature of the oil is determined from

142.7°C

c Q 627 kW
= i = Tout ot —— Toue = Ty — —— =170°C — =
Q [me (Tln out)]on out in me 0°C (10 kg/s)(2.3kJ/kg.°C)

The logarithmic mean temperature difference for counter-flow arrangement
and the correction factor F are

ATy =Thin = Teour =170°C - 70°C =100°C
AT, =Tpout — Tejn =142.7°C—20°C =122.7°C

AT, —AT, _ 100-122.7

ATimcr = = =111.0°C
’ In(AT, /AT,)  In(100/122.7)

p_lta=ti _70-20 .
T, —t, 170-20 10
R Ti-T, _170-1427 .

t,—t,  70-20
Then the heat transfer surface area on the tube side becomes

Q  _ 627 kw ~16.1m?
UiFATjnce  (0.350 kKW/m?.°C)(1.0)(111.0°C)

Q :UiAiFATIm,CF A=
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11-74 Ethyl alcohol is heated by water in a 2-shell passes and 8-tube passes heat exchanger. The heat transfer surface area of
the heat exchanger is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 There is no fouling. 5 Fluid properties are constant.

Properties The specific heats of water and ethyl alcohol are given to be 4.19 and 2.67 kJ/kg.°C, respectively.
Analysis The rate of heat transfer in this heat exchanger is
Q=[rmc o (Tout = Tinethytaiconor = (2.1kg/s)(2.67 ki/kg.°C)(70°C — 25°C) = 252.3kW
The logarithmic mean temperature difference for counter-flow arrangement
and the correction factor F are + Water
ATy =Tpin —Teour = 95°C—70°C = 25°C 95°C
AT, =Tpout = Tein = 45°C—25°C = 20°C
2 h,out c,in 70°C ~a— )
AT, — AT -
ATincr == 25-20__ 5 40c Ethyl 1( |}
’ In(AT, / AT,)  In(25/20) Alcohol — )

25°C

b t, -t _ 70-25 064 2.1 kgls J (8 tube passes)
T, -t 95-25
T T F =0.82
=1 2 :le.l 45°C
t,—t, 70-25

Then the heat transfer surface area on the tube side becomes

. Q 252.3kW _14.5m?2
U;FAT;nce (0950 KW/m?.°C)(0.82)(22.4°C)

Q =U i Ai I:ATIm,CF Ai
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11-75 W One shell and 10 tube pass heat exchanger is used in a milk pasteurizing process. The width of the shell (tube
length in each pass) is to be determined in order to ensure complete pasteurization of milk.

Assumptions 1 Steady state conditions exist. 2 Thermal properties of milk and hot water remain constant. 3 heat exchanger is
well insulated. 4 No fouling inside the heat exchanger.

Properties The specific heat of water is evaluated from Table A-9 at an average temperature of (140 + 80)°C/2 = 110 °C.
C,, =4229J/kg-K

Analysis From energy balance between the cold milk and hot water we have

Heat lost by water = Heat gained by milk. :;:‘:jl_ Sii
Q=ryc ph (Thin = Thiout) = MeCpe (Te.out — Te,in) "\!ﬂ '
Q= (5kg/s) (4229 J/kg - K) (140 - 80)° C =1268.7 kW (@ - g
The actual rate of heat transfer can also be expressed as (( )>
Q=UAFAT p,cr c )
The overall heat t.ra_nsfer coefficient_ is determineq from the convective ) _
heat transfer coefficient values on milk and water side. (( 5%
t .1 L 1 —U =319.35 W/m? - K : Milk

= +
U h hy 450W/m?-K 1100W/m?-K
The log mean temperature difference is determined as
AT, — AT,

AT, g =—L1 272
mCE T In(AT, / AT,)

ATy =T in — T out =140-70=70°C

and AT, =Ty out — Tein =80—20=60°C
T __70-60

"™CF " In(70/60)

Since this is a multiple pass heat exchanger we need to determine the correction factor F from the temperature ratios P and R.

p:ﬂ:M:o,M? and R:ﬂzmo_gozl,z
T,-t 140-20 t,-t, 70-20

=64.87°C

From Figure 11-19(a), for the corresponding values of P and R we get,
F =0.865

Thus the actual rate of heat transfer is,
Q =(319.35W/m? - K) (A,m?)(0.865) (64.87°C)

3
12?8.7x10 W _2079m?
(319.35W/m? - K) (0.865) (64.87°C)

SA =

The surface area of the heat exchanger tubes is,
A, =7DLxnxp
where ‘n” and ‘p’ are the number of tubes and tube passes, respectively. Therefore the length of each tube is,

2
_ 70.79m _375m
7(0.02m) (30) (10)
Discussion In this problem it is assumed that the effect of fouling on the overall heat transfer coefficient is negligible.

However, considering that the fouling will deteriorate the performance of the heat exchanger over a period of time, a suitable
factor of safety must be considered in deciding upon the length of heat exchanger.
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11-76E A single-pass cross-flow heat exchanger is used to cool jacket water using air. The log mean temperature difference
for the heat exchanger is to be determined.

Assumptions 1 Steady operating condition exists. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible. 3 Fluid properties are constant. 4 Changes in the kinetic and potential energies of fluid streams are negligible.

Properties The specific heats of both water and air are given to be cy, = 1.0 Btu/lbm-°F and c, = 0.245 Btu/lbm-°F,
respectively.

Analysis The rate of heat transfer in the heat exchanger is

szhcph(rh,in =Th,out) L
= (92,000 Ibm/hr)(1.0 Btu/lbm-°F)(190 —140)°F | :

Air flow L

=4.6x10° Btu/hr (unmixed) L

Since heat transfer from the hot fluid is equal to the heat transfer to

&
%)
)
the cold fluid, we have 4l %Q

D00

™~

Q= mcCpc (Tc,out _Tc, in) - Tc,out =— + Tc, in ;
McCpe Water flow

(unmixved)

4.6x10° Btu/hr

Te out = +90°F =136.9°F
' (400,000 Ibm/hr)(0.245 Btu/lbm- °F)

Thus, the log mean temperature difference for the counter-flow arrangement is

AT, —AT, _ (190-136.9)—(140-90) ,

ATimcr = = F =515°F
' In(AT,/AT,)  In[(190 —136.9)/(140 — 90)]

Using Fig. 11-19c, the correction factor can be determined to be

p_f—t _140-190

T,—-t, 90-190

R Ti-T, _90-1369 _
t,—t, 140-190

=050
F~0.92 (Fig. 11-19c)
0.94

The log mean temperature difference is
ATy, = FAT) o = 0.92(51.5°F) = 47.4°F

Discussion The correction factor (F) represents how closely the cross-flow heat exchanger approximates a counter-flow heat
exchanger in terms of its logarithmic mean temperature difference.
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11-77 A single-pass cross-flow heat exchanger with both fluids unmixed, the value of the overall heat transfer coefficient is to

be determined.

Assumptions 1 Steady operating condition exists. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible. 3 Fluid properties are constant. 4 Changes in the kinetic and potential energies of fluid streams are negligible.

Properties The properties of oil are given to be c,, = 1.93 kJ/kg-K and p = 870 kg/m®,

Analysis The mass flow rate of oil (hot fluid) is

my, = pV = (870 kg/m*)(0.19 m3/min)(1/ 60 min/s) = 2.755 kg/s

1
1|
) |
1
ul
1

Using energy balance on the hot fluid, we have 0il flow
Q= MpCpn (Th,in = Th, out)
=(2.755Kkg/s)(1930 J/kg - K)(38 - 29) K
=4.785x10* W

(rmixed)

Using Fig. 11-19c, the correction factor can be determined to be

p_l—t _33-16

- =0.77

T, -t 38-16 .

T -T. 3829 F ~0.85 (Fig. 11-19c¢)
R=-L 2_""%"_053

t,-t, 33-16

The log mean temperature difference for the counter-flow arrangement is

AT, -AT,  (38-33)—(29-16) ,
IN(AT,/AT,)  In[(38—33)/(29—16)]

ATimcr = C =8.372°C

Thus, the overall heat transfer coefficient can be determined using

~ Q
Q=UAFAT e — =
; AsFAT i cr
4
_ 4.2785><10 W 336 W/m2 - K
(20m?2)(0.85)(8.372K)

Discussion Cross-flow heat exchangers are commonly found in automobile radiators.

N
O

Q.
g S
- ! Q\. Q\

Water flow
(unmixed)
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The Effectiveness-NTU Method

11-78C The effectiveness of a heat exchanger is defined as the ratio of the actual heat transfer rate to the maximum possible
heat transfer rate and represents how closely the heat transfer in the heat exchanger approaches to maximum possible heat
transfer. Since the actual heat transfer rate can not be greater than maximum possible heat transfer rate, the effectiveness can
not be greater than one. The effectiveness of a heat exchanger depends on the geometry of the heat exchanger as well as the
flow arrangement.

11-79C For a specified fluid pair, inlet temperatures and mass flow rates, the counter-flow heat exchanger will have the
highest effectiveness.

11-80C Once the effectiveness & is known, the rate of heat transfer and the outlet temperatures of cold and hot fluids in a heat
exchanger are determined from

Q = 5Qmax =&Chin (Th,in _Tc,in)
Q= rhcCp,c (Tc,out _Tc,in)
Q= Mk Cph (Thin = Thout)

11-81C The heat transfer in a heat exchanger will reach its maximum value when the hot fluid is cooled to the inlet
temperature of the cold fluid. Therefore, the temperature of the hot fluid cannot drop below the inlet temperature of the cold
fluid at any location in a heat exchanger.

11-82C The heat transfer in a heat exchanger will reach its maximum value when the cold fluid is heated to the inlet
temperature of the hot fluid. Therefore, the temperature of the cold fluid cannot rise above the inlet temperature of the hot
fluid at any location in a heat exchanger.

11-83C The fluid with the lower mass flow rate will experience a larger temperature change. This is clear from the relation

Q = rﬁcCpA-I—cold = r‘thpAThot

11-84C The maximum possible heat transfer rate is in a heat exchanger is determined from
Qmax = Crin (Th,in _Tc,in)

where Cy, is the smaller heat capacity rate. The value of Qmax does not depend on the type of heat exchanger.
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11-85C When the capacity ratio is equal to zero and the number of transfer units value is greater than 5, a counter-flow heat
exchanger has an effectiveness of one. In this case the exit temperature of the fluid with smaller capacity rate will equal to
inlet temperature of the other fluid. For a parallel-flow heat exchanger the answer would be the same.

11-86C The increase of effectiveness with NTU is not linear. The effectiveness increases rapidly with NTU for small values
(up to abo ut NTU = 1.5), but rather slowly for larger values. Therefore, the effectiveness will not double when the length of
heat exchanger is doubled.

11-87C A heat exchanger has the smallest effectiveness value when the heat capacity rates of two fluids are identical.
Therefore, reducing the mass flow rate of cold fluid by half will increase its effectiveness.

11-88C The longer heat exchanger is more likely to have a higher effectiveness.

UA UA
11-89C The NTU of a heat exchanger is defined as NTU = —> S

Cmin (mcp)min
and A, is the heat transfer surface area of the heat exchanger. For specified values of U and C,, the value of NTU is a
measure of the heat exchanger surface area A. Because the effectiveness increases slowly for larger values of NTU, a large
heat exchanger cannot be justified economically. Therefore, a heat exchanger with a very large NTU is not necessarily a good
one to buy.

where U is the overall heat transfer coefficient

11-90C The value of effectiveness increases slowly with a large values of NTU (usually larger than 3). Therefore, doubling
the size of the heat exchanger will not save much energy in this case since the increase in the effectiveness will be very small.

11-91C The value of effectiveness increases rapidly with small values of NTU (up to about 1.5). Therefore, tripling the NTU
will cause a rapid increase in the effectiveness of the heat exchanger, and thus saves energy. | would support this proposal.
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11-92 Hot water coming from the engine of an automobile is cooled by air in the radiator. The outlet temperature of the air
and the rate of heat transfer are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 Fluid properties are constant.

Properties The specific heats of water and air are given to be 4.00 and 1.00 kJ/kg.°C, respectively.

Analysis (a) The heat capacity rates of the hot and cold fluids are

Coolant
Cy, =myCp, = (5 kg/s)(4.00ki/kg.°C) = 20 kW/°C 80°C
C, =mgC e = (10 kg/s)(1.00kI/kg.°C) =10 kW/°C \ 5 kgls
Therefore %
Cin =C. =10kW/°C Air ot
30°C (b Q}
which is the smaller of the two heat capacity rates. Noting that the heat 10 kg/s (b
capacity rate of the air is the smaller one, the outlet temperature of the air is Q) Q) %
determined from the effectiveness relation to be Y Cb\ Q\

e= Q _ Cmin (Ta,out _Tc,in) 0.4= (Ta,out - BO)OC Ta = 50.0°C i - \
Qmax Cmin (rh,in _Tc,in) (80_30)OC ’
(b) The rate of heat transfer is determined from

Q= Coir (Taout — Tain) = (10 KW/°C)(50°C — 30°C) = 200k W

11-93 Inlet and outlet temperatures of the hot and cold fluids in a double-pipe heat exchanger are given. It is to be determined
whether this is a parallel-flow or counter-flow heat exchanger and the effectiveness of it.

Analysis This is a counter-flow heat exchanger because in the parallel-flow heat exchangers the outlet temperature of the cold
fluid (55°C in this case) cannot exceed the outlet temperature of the hot fluid, which is (45°C in this case). Noting that the
mass flow rates of both hot and cold oil streams are the same, we have C.;, =C. - Then the effectiveness of this heat

exchanger is determined from

Q _ Cn(Mhin —Thou) _ Cn(Thin —Thou) _80°C—45°C

&= = =— — =0.583
Qmax Cmin (rh,in _Tc,in) Ch (rh,in _Tc,in) 80°C —-20°C

11-94E Inlet and outlet temperatures of the hot and cold fluids in a double-pipe heat exchanger are given. It is to be
determined the fluid, which has the smaller heat capacity rate and the effectiveness of the heat exchanger.

Analysis Hot water has the smaller heat capacity rate since it experiences a greater temperature change. The effectiveness of
this heat exchanger is determined from

Q _ Ch(Thin —Th,out) Gy (Thin = Th,out) _190°F-100°F _ 0.75

E=— = =
Qmax Cmin (rh,in _Tc,in) Ch (Th,in _Tc,in) 190°F-70°F
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11-95 Glycerin is heated by ethylene glycol in a heat exchanger. Mass flow rates and inlet temperatures are given. The rate of
heat transfer and the outlet temperatures are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 The overall heat transfer coefficient is constant and uniform. 5 The
thickness of the tube is negligible.

Properties The specific heats of the glycerin and ethylene glycol are given to be 2.4 and 2.5 kJ/kg.°C, respectively.

Analysis (a) The heat capacity rates of the hot and cold fluids are

C, =M.Cp, = (0.3kg/s)(2400 J/kg.C) = 720 W/°C Glycerin
Cp, =mMpCp, = (0.3kg/s)(2500 J/kg.°C) = 750 W/°C 20°C
0.3 kg/s
Therefore, Ethylene
Cpin =C. =720W/°C ——
60°C
and 0.3 kg/s
_Crin _720_ 96
Crex 750

Then the maximum heat transfer rate becomes
Qm =Chin (Thin — Te.in) = (720 WFC)(60°C — 20°C) = 28,800 W = 28.8 kW
The NTU of this heat exchanger is

2 o 2
NTU 2 YA _ (380 W/ °C)(5.3m?)
720 WFC

=2.797

min

Effectiveness of this heat exchanger corresponding to ¢ = 0.96 and NTU = 2.058 is determined using the proper relation in
Table 11-4

oe 1-exp[-NTU(1+c)] 1-exp[-2.797(1+0.96)]
l+c 1+0.96

Then the actual rate of heat transfer becomes

=0.5081

Q= &Q,y = (0.5081)(28.8kW)=14.63kW

(b) Finally, the outlet temperatures of the cold and the hot fluid streams are determined from

: Q 3 14.63kW
Q=Cc(Teout = Tein) ——Tcout = Teiin +C—c =20°C+ 0720 KWIC 40.3°C
: ' 14.63kW
Q= Ch (Th,in _Th,out)—ﬂ-h,out = Th,in _Cg =60°C———————=40.5C

0.750 kW/°C
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11-96 A thin-walled concentric tube counter-flow heat exchanger has specified mass flow rates and inlet temperatures, (a) the
heat transfer rate for the heat exchanger, (b) the outlet temperatures of the cold and hot fluids, and (c) the fouling factor after a
period of operation are to be determined.

Assumptions 1 Steady operating condition exists. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible. 3 Fluid properties are constant. 4 Changes in the kinetic and potential energies of fluid streams are negligible.

Properties The specific heats of the hot and cold fluids are given to be c,, = 4188 J/kg-K and c,c = 4178 J/kg-K, respectively.
Analysis (a) The heat capacity rates are
C. =mecp. = (5kgls)(4178J/kg - K) = 20890 W/K

Cy, = MyCpp = (2.5Kg/s)(4188 kg - K) = 10470 W/K

The capacity ratio is

_Cuin _ Cp _ 10470 W/K

=————=0.5012
Crax Cc 20890 W/K
The NTU of the heat exchanger is

UA, (1000 W/m? - K)(23m?)
Crin 10470 W/K

NTU= =2.197

Using the equation listed in Table 11-4, the heat transfer effectiveness is

o 1-exp[-NTU@-c)] 1-exp[-2.197(1-0.5012)]

- - =0.7997
1-cexp[-NTU(l—c)] 1-(0.5012)exp[—2.197(1—0.5012)]

The heat transfer rate for the heat exchanger is
Q=Cpin&(Th.in — Te.in) = (10470 W/K)(0.7997)(100 — 20) K = 6.70x 10° W

(b) The outlet temperatures of the cold and hot fluids are

- Q 6.70x10° W .

Q=Celloou=Tem) = Teow=g *Tein = Jpaamiypc *20°C=521C
and

- Q o 6.70x10° W i

Q:Ch (Th,in _Th,out) - Th,out :Th,in _C_h =100 C—W =36.0°C

(c) The overall heat transfer coefficient at clean conditions is Ugesn = 1000 W/m?-K. After a period of operation, the overall
heat transfer coefficient is reduced to Ugry, = 500 W/m?-K. Hence, the fouling factor can be determined to be

1 _ 1 iR, N R, = 1 1
Udirty Uclean Udirty Uclean

Ry == — 1 |m?.k/w =0.001m? . KW
500 1000

Discussion Using Figure 11-27h, the heat transfer effectiveness is approximately ¢ = 78%.
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11-97 Water is heated by solar-heated hot air in a heat exchanger. The mass flow rates and the inlet temperatures are given.
The outlet temperatures of the water and the air are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 The overall heat transfer coefficient is constant and uniform.

Properties The specific heats of the water and air are given to be 4.18 and 1.01 kJ/kg.°C, respectively.

Analysis The heat capacity rates of the hot and cold fluids are

Cy, =mpCpp = (0.3kg/s)(1010 J/kg.°C) = 303 W/°C Cold Water
C, =m,C,. = (0.1kg/s)(4180 J/kg.°C) = 418 WFC 22°C
¢ =McCpe = (0.1kg/s)( 9.°C) 0.1 ks
Therefore, Hot Air
—
Cpin =C, =303 W/C 90°C
and 0.3 kg/s
= ﬂ - ﬁ =0.725
Crox 418

Then the maximum heat transfer rate becomes

Quax =Crin Thin —Te.in) = (303 W/C)(90°C - 22°C) = 20,604 kW
The heat transfer surface area is

A, = 7DL = (7)(0.012 m)(12 m) = 0.45m?
Then the NTU of this heat exchanger becomes

UA; (80 W/m?.°C)(0.45m?)
Crin 303 W/C

NTU = =0.119

The effectiveness of this counter-flow heat exchanger corresponding to ¢ = 0.725 and NTU = 0.119 is determined using the
relation in Table 11-4 to be

o 1-exp[-NTU(l-c)] =~ 1-exp[-0.119(1-0.725)]
1-cexp[-NTU(1—-c)] 1-0.725exp[-0.119(1-0.725)]

Then the actual rate of heat transfer becomes
Q = &Q,, = (0.108)(20,604 W)= 22252 W

Finally, the outlet temperatures of the cold and hot fluid streams are determined to be

: Q on 22252 W 5
Q= Cc (Tc,out _Tc,in ) —_)Tc,out :Tc,in +C—c =22 C+m =27.3C

: Q om 22252 W .
Q=Ch(Thin ~Thout)=—Thout = Thin C =90 C—W =82.7°C
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11-67

Prob. 11-97 is reconsidered. The effects of the mass flow rate of water and the tube length on the outlet
temperatures of water and air are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

T_air_in=90 [C]

m_dot_air=0.3 [kg/s]
c_p_air=1.01 [kJ/kg-C]

T_w_in=22 [C]

m_dot_w=0.1 [kg/s]
c_p_w=4.18 [kJ/kg-C]
U=0.080 [kW/m"2-C]

L=12 [m]

D=0.012 [m]

"ANALYSIS"

"With EES, it is easier to solve this problem using LMTD method than NTU method.

method. Both methods give the same results."

DELTAT_1=T_air_in-T_w_out
DELTAT_2=T_air_out-T_w_in

DELTAT Im=(DELTAT_1-DELTAT_2)/In(DELTAT_1/DELTAT_2)

A=pi*D*L

Q_dot=U*A*DELTAT_Im
Q_dot=m_dot_air*c_p_air*(T_air_in-T_air_out)
Q_dot=m_dot_w*c_p_w*(T_w_out-T_w_in)

mw Tw,out Tair,out
[kg/s] [C] [C]
0.05 32.27 82.92
0.1 27.34 82.64
0.15 25.6 82.54
0.2 24.72 82.49
0.25 24.19 82.46
0.3 23.83 82.44
0.35 23.57 82.43
0.4 23.37 82.42
0.45 23.22 82.41
0.5 23.1 82.4
0.55 23 82.4
0.6 22.92 82.39
0.65 22.85 82.39
0.7 22.79 82.39
0.75 22.74 82.38
0.8 22.69 82.38
0.85 22.65 82.38
0.9 22.61 82.38
0.95 22.58 82.38
1 22.55 82.37

33

30.8

24.2

22

Tair,out

02 0.4 06 08
m,, [ka/s]

83

. 82.9
. 82.8
. 82.7
| 82.6
. 825
. 82.4
. 82.3

82.2

Below, we use LMTD

Tair,out [C]
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L Tw,out Tair,out
[m] [C] [C]

5 24.35 86.76
6 24.8 86.14
7 25.24 85.53
8 25.67 84.93
9 26.1 84.35
10 26.52 83.77
11 26.93 83.2
12 27.34 82.64
13 27.74 82.09
14 28.13 81.54
15 28.52 81.01
16 28.9 80.48
17 29.28 79.96
18 29.65 79.45
19 30.01 78.95
20 30.37 78.45
21 30.73 77.96
22 31.08 77.48
23 31.42 77
24 31.76 76.53
25 32.1 76.07

TW,O ut [C]

33

32

30

28
27

(o]
[ee]

31

29

26
25

24

TW,OUt

Tair,out

L L L L
(o0} [00] Qo (0]
o N N »

Tair,out [C]

L
~
(o]

~
(o]

9 13 17

L [m]

21

N
[6)]
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11-99 Cold water is heated by hot water in a heat exchanger. The net rate of heat transfer and the heat transfer surface area of
the heat exchanger are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 The overall heat transfer coefficient is constant and uniform. 5 The
thickness of the tube is negligible.

Properties The specific heats of the cold and hot water are given to be 4.18 and 4.19 kJ/kg.°C, respectively.

Analysis The heat capacity rates of the hot and cold fluids are

C. =mcCp = (0.25Kkg/s)(4180 J/kg.°C) = 1045 W/°C

. Cold Water
Cp = MpCp, = (3K/s)(4190 J/kg.°C) = 12,570 W/°C 15°C
Therefore, 0.25 kgfs

Hot Water

Crin =C. =1045W/°C —_—

and 100°C

3 kygls

_Crin _ 1045 _ ) g3
Crax 12570

Then the maximum heat transfer rate becomes

Quax = Crin Thin —Te.in) = (1045 WPC)(100°C-15°C) = 88,825 W
The actual rate of heat transfer is

Q =C (T, oyt — Tein) = (1045 W/°C)(45°C —15°C) = 31,350W
Then the effectiveness of this heat exchanger becomes

Q 31350

f=——=""22_035
Quex 88825

The NTU of this heat exchanger is determined using the relation in Table 11-5 to be

NTU =+ |n(8_1J 1 In( 0.35-1 ]:0.438

c-1 (e-1 - 0.083-1 10.35x0.083-1

Then the surface area of the heat exchanger is determined from

NTU = YA a_ NTUCyin _ (0.438)(1045 WFC)
Crin U 950 W/m?.°C

=0.482m?
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3
11-100 Prob. 11-99 is reconsidered. The effects of the inlet temperature of hot water and the heat transfer coefficient
on the rate of heat transfer and the surface area are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

T_cw_in=15[C]

T _cw_out=45 [C]

m_dot_cw=0.25 [kg/s]

p_cw=4.18 [kJ/kg-C]
_hw_in=100 [C]
_dot_hw=3 [kg/s]
_p_hw=4.19 [kJ/kg-C]

U=0.95 [kW/m"2-C]

"ANALYSIS"

"With EES, it is easier to solve this problem using LMTD method than NTU method. Below, we use LMTD
method. Both methods give the same results.”

DELTAT_1=T_hw_in-T_cw_out

DELTAT_2=T_hw_out-T_cw_in

DELTAT_Im=(DELTAT_1-DELTAT_2)/In(DELTAT_1/DELTAT_2)

Q_dot=U*A*DELTAT_Im

Q_dot=m_dot_hw*c_p_hw*(T_hw_in-T_hw_out)

Q_dot=m_dot_cw*c_p_cw*(T_cw_out-T_cw_in)

Thw, in Q A 32 T T T T T T T T T T T 14
[C] [kW] [m’]
60 3135 | 1.25 11
65 3135 | 1.038
70 31.35 | 0.8903 3175
75 31.35 | 0.7807 11
80 31.35 | 0.6957 _
85 31.35 | 0.6279 g NE
90 31.35 | 05723 < 315 eat {08 E
95 3135 | 0.5259 <
100 31.35 | 0.4865 1®4 los
105 31.35 | 0.4527
110 31.35 | 0.4234 31.25|
115 31.35 | 0.3976 10.4
120 31.35 | 0.3748 i

v o2

60 70 80 90 100 110 120
Thw,in [C]

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




U 9 A
[kW/m*-C] kW] [m?]

0.75 3135 | 0.6163
0.8 3135 | 0.5778
0.85 31.35 | 0.5438
0.9 3135 | 0.5136
0.95 31.35 | 0.4865
1 31.35 | 0.4622
1.05 31.35 | 0.4402
1.1 31.35 | 0.4202
1.15 3135 | 0.4019
1.2 3135 | 0.3852
1.25 3135 | 0.3698

32 T T T T T T 0.65
{06
31.75} area
{0.55
= 315} 10.5
heat
O
{0.45
31.25}
{0.4
31 ' ' T ' 0.35
0.7 0.8 0.9 1 1.1 1.2 13
U [KW/m?2-C]
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11-101E Oil is cooled by water in a double-pipe heat exchanger. The overall heat transfer coefficient of this heat exchanger is
to be determined using both the LMTD and NTU methods.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is Cold Water
well-insulated so that heat loss to the surroundings is negligible and thus 70°F +
heat transfer from the hot fluid is equal to the heat transfer to the cold 3 1bm/s
fluid. 3 Changes in the kinetic and potential energies of fluid streams are ~ Hot Oil

negligible. 4 The thickness of the tube is negligible since it is thin-walled. —_

Properties The specific heats of the water and oil are 300°F

given to be 1.0 and 0.525 Btu/lbm.°F, respectively. 5 Ibm/s

Analysis (a) The rate of heat transfer is
Q=rmc ph (Thiin-Thout) = (5 1bm/s)(0.525 Btu/lbm°F)(300 —105°F) = 511.9 Btu/s

The outlet temperature of the cold fluid is

. 0 511.9 Btu/s
Q=MeCpe(Te.out ~Tein) coutm e Ui, (31bm/s)(1.0Btu/Ibm°F)

The temperature differences between the two fluids at the two ends
of the heat exchanger are

AT} =Ty in = Teout = 300°F - 240.6°F = 59.4°F
ATy =Ty oyt — Tein =105°F—70°F = 35°F
The logarithmic mean temperature difference is
AT, —AT, 59.4-35
AT|m == = =
In(AT, / AT,)  In(59.4/35)
Then the overall heat transfer coefficient becomes
. Q 511.9 Btu/s
AT,  7(5/12m)(200 t)(46.1°F)
(b) The heat capacity rates of the hot and cold fluids are
Cy, =myCpy = (51bm/s)(0.525 Btu/lbm °F) = 2.625 Btu/s.°F
C, =mCpe = (31bm/s)(1.0Btu/lbmF) = 3.0 Btu/s.°F

o

Q =UAAT,, U =0.0424Btu/s.ft? .°F

Therefore, C,;, =C;, =2.625Btu/s°F and c= Cnin _ 2625 _ 675

Crax 3.0
Then the maximum heat transfer rate becomes
Qumax = Crin Thin —Te.in) = (2.625 Btu/s.°F)(300°F - 70°F) = 603.75 Btu/s
The actual rate of heat transfer and the effectiveness are
Q=Cp,(Thin —Thout) = (2.625 Btu/s.°F)(300°F -105°F) = 511.9 Btu/s
. i _ 5119 _
Qux 603.75

The NTU of this heat exchanger is determined using the relation in Table 11-5 to be

NTU = |n[‘9—1j— L In( 085-1 ):4.28

0.85

c-1 (s&-1) 0875-1 (0.85x0.875-1
The heat transfer surface area of the heat exchanger is
A, = DL = 7(5/121)(200 1) = 261.8 1 2
UA _ NTUC,;,  (4.28)(2.625Btu/s°F)

and NTU =—2 U

o A 6L ot =0.0429Btu/s.ft>.°F
min .
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11-102 For the given set of flow conditions, the effectiveness, NTU and surface area of a large heat exchanger and its
proposed replacement of two small heat exchangers arranged in series is to be determined. Based on the surface area and
construction cost, economic choice of the heat exchanger is to be made.

Assumptions 1 Steady state conditions exist. 2 Fluid properties remain constant. 3 Heat exchanger is well insulated. 4
Negligible fouling resistance.

Properties Specific heat of glycerin is calculated at an inlet and exit average temperature of (10 + 50)°C/2 = 30°C from Table
A-13. ¢, = 2447 J/kg-K.

Thn=120°C

HX 1 HX 2
Tewn=10°C % Teos = 50°C

Tq out! T'u outz

Y
Thow = 70°C

Analysis Let’s first consider the large single heat exchanger. The energy balance within the heat exchanger gives
Q=m0 (Thin = Thiout) = MeCpe Te.out = Tein)
<. MCp % (120 — 70)° C = (1.5kg/s)(2447 J/kg - K) (50 —10)° C =146.82 kW

Thus the heat capacity rate of the hot fluid is
Cp =My Cpp = 2936.4 W/K

And that for the cold fluid is

C, =M.C,, =(L.5ky/s) (2447 J/kg- K) =3670.5 W/K.
Thus
Cmin = Ch-

Thus the effectiveness of the large single heat exchanger is,

Q__ Celooum—Tem) _ (3670.5W/K)50 -10)°C _

&= = 455
Qmax  Crin (rh,in - Tc,in) (2936.4W/K)(120 —10)°C

(@)

The capacity ratio of the large single heat exchanger is,

 Cpin _ 2936.4W/K _
Crox  3670.5W/K

The number of transfer units (NTU) for single heat exchanger is determined from the counter flow relation in Table 11-5.

(b) NTU= & g £71 |21 g 04851 3 447
c-1 lec—1) 08-1 |0455x0.8-1

The heat transfer is area is now calculated as,

NTUC,  (0.77)(2936.4 W/K)

2.38 m?
u 950 W/m? - K

(©) A=

Now let’s consider the two small heat exchangers connected in series.

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




11-74

Given that the flow of water is split between the two heat exchangers such that 60% would go to the first heat
exchanger and the remaining 40% would go to the second heat exchanger. The heat capacity rate of the 1% heat exchanger is
Cri = 0.6 (2936.4) = 1761.8 W/K while that of the 2™ heat exchanger is C, = 0.4 (2936.4) = 1174.6 W/K . The heat capacity
rate of the cold side remains unchanged i.e. 3670.5 W/K.

The capacity ratio of the 1% heat exchangers is

o _ Cuin _17618
17 ¢ 3670.5

=0.48

max
The capacity ratio of the 2" heat exchangers is

Crin _ 1174.6
c 36705

max

The effectiveness of 1% heat exchanger is,

_ Q _ Cc(rc,out_-rc,in) _ (3670-5W/K)(rc,int _10)OC
Qmax  Crmin (Thin —Tein)  (1761.8W/K)(120-10)°C

& —0.0189(T, jn, —10) @)

The effectiveness of the 2™ heat exchanger is,

Q _ Cc (Tc,out _Tc,int) _ (3670-5W/K)(50_Tc,int)oc —~3.125 (SO_Tc,im)

= = -3, @
Qmax Cmin (Th,in _Tc,in) (1174-6W/K)(120 —Tcyim)oC (120_Tc,int)

&2
Since the total water flow rate is split into 60% in the first heat exchanger and 40% in the second heat exchanger, the average
exit temperature of the hot water from an energy balance is,

My ours Cok Thours + mi:_mrlﬂph Thours = mi:_mrcph T our
where ¢y, is constant evaluated at the average inlet and outlet temperature of the hot stream

U'ﬁ'mh_mtcph Th_nuti + D'%F:_mt Coh Ti':_mti = mh_mtcph Th_nut

. O'6Th,OUﬂ + O'4Th,0ut2 = 700C
Further, the energy balance on the 1* heat exchanger gives

rhhcph,l (Th,in _Th,ouﬂ) = mccpc (Tc,int _Tc,in)

3)
~(1761.8 W/K)(120 — T}, 50 ) ° C =(3670.5 W/K)(T, j, —10)°C
For 2" heat exchanger, the energy balance is,
rhhC phl (rh,in - Th,outz) = rhcC pc (rc,out - Tc,int) (4)
S (11746 WIK)(120 =Ty, 50 ) =(3670.5W/K)(50 — T i)
The number of transfer units for 1% heat exchanger is
NTU, = Rt S (5)
6-1 \ge-1
The number of transfer units for 2" heat exchanger is
NTU, = — In[ 52_1} (6)
Cc, -1 (Crey—1
Further, since the surface area of each heat exchanger is same i.e., Ay = A, we get,
NTU,C 1 _ NTU,C )

U U
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Solving Equations (1) to (7) simultaneously in EES or any other software the exit temperature of hot fluid in each heat
exchanger and the intermediate temperature of the cold fluid is,

Th.out = 70.82 °C, T oup = 68.77 °C, T, ;1 =33.61°C

(a) The effectiveness of 1% and 2™ heat exchanger is 0.447 and 0.593, respectively.
(b) The number of transfer units (NTU) of 1* and 2" heat exchanger is 0.675 and 1.012, respectively.
(c) The surface area of each small heat exchanger is 1.252 m*.

(d) The heat exchanger surface area of 1.252 m? is for one heat exchanger. Thus for two heat exchangers arranged in series
the total surface area is 2.5 m?. This area is about 5% higher than that of a single large heat exchanger. Moreover, the
construction cost of a small heat exchanger is about 15% higher than a large heat exchanger per unit surface area. This
translates to about 2% increase in the construction cost. Hence, it is recommended to use one large heat exchanger instead of
two heat exchangers arranged in series.
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11-103E A 1-shell and 2-tube type heat exchanger has a specified overall heat transfer coefficient, (a) the heat transfer
effectiveness and (b) the actual heat transfer rate in the heat exchanger are to be determined.

Assumptions 1 Steady operating condition exists. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible. 3 Fluid properties are constant. 4 Changes in the kinetic and potential energies of fluid streams are negligible.

Analysis (a) The heat capacity rates are given as
Cpin = 20,000 Btu/hr-°F  and Crax = 40,000 Btu/hr - °F
The capacity ratio is

_ Chin _ 20,000 Btu/hr-°F
Crax 40,000 Btu/hr-°F

The NTU of the heat exchanger is

NTU 2 YA _ (300Btu/hr-# 2 . °F)(100 1 ?)
Crin 20,000 Btu/hr - °F

=15

Using the equation listed in Table 11-4, the heat transfer effectiveness is

-1
Y PN ey exp[-NTUv1+c?]
1—exp[-NTUv1+c?]

1
_ 2
_2)14 05111052 LEEPLLSVIHOSTTL ) aag 63906
1—exp[-1.5V1+0.5?]

(b) The maximum possible heat transfer rate is

Quax = Crin (T in = Te.in) = (20,000 Btu/hr - °F)(200 — 90)°F = 2.20x10° Btu/hr
Hence, the actual heat transfer rate in the heat exchanger is
Q = &Q = (0.639)(2.20x10° Btu/hr) = 1.41x10° Btu/hr

Discussion Using Figure 11-27c, the heat transfer effectiveness is verified to be ¢ ~ 64%.

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




11-77

11-104 Cold water is being heated in a 1-shell and 2-tube heat exchanger, the outlet temperatures of the cold water and hot
water are to be determined.

Assumptions 1 Steady operating condition exists. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible. 3 Fluid properties are constant. 4 Changes in the kinetic and potential energies of fluid streams are negligible.

Properties The specific heats of the cold water and hot water are given to be c,. = 4178 J/kg-K and c,, = 4188 J/kg-K,
respectively.

Analysis The heat capacity rates are
C, =m.Cp = (5000 kg/h)(1/3600 h/s)(4178 J/kg - K) = 5802.8 W/K

Cpy = My oy = (10,000 kg/h)(L/ 3600 his)(4188 J/kg - K) = 11,633 W/K

The capacity ratio is

:Cﬂ:&:w:o,@g
Crax Cn  11633W/K

The NTU of the heat exchanger is

UA, 11,600 W/K

NTU = =
Crin  5802.8 W/K

=1.999

Using the equation listed in Table 11-4, the heat transfer effectiveness is

-1
£=2 1+c+ml+eXp[_NTU 1+c®]
1—exp[-NTUV1+c?]

-1
J1r 04992 1t exp[—1.999v/1 + 0.4992 ]} _0.6933

=2{1+0.499 + 1+ 0.4992
{ 1—exp[—1.999V1+ 0.4992 ]

The outlet temperature of the cold water is

c= Q _ Cc(rc,out_Tc,in) _ Cc(rc,out_Tc,in)
Qmax Cmin (Th,in _Tc,in) Cc (Th,in _Tc,in)

Te out = €Mhin —Tein) + Te.in = (0.6933)(80 — 20)°C + 20°C = 61.9°C

Tc,out =‘9(-|—h,in _Tc,in) +Tc,in

The outlet temperature of the hot water is

oo Q _GCn (Th,in = Th, out) :Ch(Th,in = Th,out)
Qmax Cmin (Th,in _Tc,in) Cc (rh,in _Tc,in)

C
Thout =Tnin = 5= (T i ~To,in) =80°C — (0.499)(0.6933)(80 — 20)°C = 59.2°C
h

Discussion Using Figure 11-27c, the heat transfer effectiveness is approximately ¢ = 69%.
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11-105 Hot oil is to be cooled by water in a heat exchanger. The mass flow rates and the inlet temperatures are given. The rate
of heat transfer and the outlet temperatures are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 The thickness of the tube is negligible since it is thin-walled. 5 The overall
heat transfer coefficient is constant and uniform.

Properties The specific heats of the water and oil are given to
be 4.18 and 2.2 kJ/kg.°C, respectively. oil
160°C

Analysis The heat capacity rates of the hot and cold fluids are m 0.2 kg/s

Cp, =My Cpn = (0.2Kg/5)(2200 I/kg.°C) = 440 WPC

C, =M.C p = (0.1kg/s)(4180 I/kg.°C) = 418 WFC o)
Water { '}
Therefore, 18°C )

Crin =C¢ =418 W/C 0.1 kgfs J (12 tube passes)
and *
c=Smn 418 o5
Comx 440

Then the maximum heat transfer rate becomes

Quax = Crin Thin —Te.in) = (418 W/PC)(160°C -18°C) = 59.36 kW
The heat transfer surface area is

A, =n(zDL) = (12)(x)(0.018 m)(3 m) = 2.04m*?
The NTU of this heat exchanger is

UA; (340 W/m?®.°C) (2.04m?)
B 418 WFC

NTU = =1.659

min

Then the effectiveness of this heat exchanger corresponding to ¢ = 0.95 and NTU = 1.659 is determined from Fig. 11-27d to
be

£=0.61
Then the actual rate of heat transfer becomes

Q = &Q,ex = (0.61)(59.36 kW) = 36.2kW
Finally, the outlet temperatures of the cold and hot fluid streams are determined to be

Q 36.2 kW

Q = Cc (rc,out _Tc,in) _)TC,OUI :Tc,in +a =18°C +W —104.6°C
; Q rnon  36.2KW ]
Q=Ch(Thin ~Thout) = Thout = Thin _a =160 C_m =77.re
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11-106E A 1-shell and 2-tube heat exchanger has specified overall heat transfer coefficient, inlet and outlet temperatures, and
mass flow rates, (a) the NTU value and (b) the surface area of the heat exchanger are to be determined.

Assumptions 1 Steady operating condition exists. 2 The heat 0il flow
exchanger is well-insulated so that heat loss to the
surroundings is negligible. 3 Fluid properties are constant. 4
Changes in the kinetic and potential energies of fluid streams

hyin

are negligible. T om

D=
Properties The specific heat of water is given to (( L e Vater flow
be c,. = 1.0 Btu/lbm-°F. I
Analysis (a) The heat capacity rate for the cold fluid
(water) is T, o

C, =mcp. = (20,000 Ibm/hr)(1.0 Btu/lbm- °F) = 20,000 Btu/hr - °F

Using energy balance, we have

C.  Thin —Thou 180-120
C ~Tei)=Ch(Thin =T, - £=-_t = =3.
c(Tc,out c,|n) h(Th,ln h,out) Ch Tc,out _Tc,in 100 —80

or
c=Ch _Crin _1_ 43339
Ce  Crmx
The heat transfer effectiveness is
e= Q _ Cc(rc,out _Tc,in) _ Cc(Tc,out _Tc,in) _
Qmax Cmin (Th,in _Tc,in) Ch (Th,in _Tc,in)

From Table 11-4, the NTU value can be determined from

-1
DS PPN e £ exp[-NTUv1+c?]
1—exp[-NTUv1+c?]

Copy the following lines and paste on a blank EES screen to solve the above equation:
c=1/3
epsilon=0.60
epsilon=2*(1+c+sqrt(1+c*2)*(1+exp(-NTU*sqrt(1+c"2)))/(1-exp(-NTU*sqrt(1+c*2))))*(-1)
Solving by EES software, we get
NTU=1.11

100-80 _ o

3.0 =0.
( )180—80

(b) The surface area of the heat exchanger can be determined using

NTU=A A = nTuSmin - Ny e
min u u
A ZNTU CS_C _ 012 W/DR0000BHUN-F) oo

40 Btu/hr- 12 - °F
Discussion Using Figure 11-27c, the NTU value is found to be approximately NTU ~ 1.2.
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11-107 Ethyl alcohol is heated by water in a shell-and-tube heat exchanger. The heat transfer surface area of the heat
exchanger is to be determined using both the LMTD and NTU methods.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 The overall heat transfer coefficient is constant and uniform.

Properties The specific heats of the ethyl alcohol and water are given to be 2.67 and 4.19 kJ/kg.°C, respectively.

Analysis (a) The temperature differences between the two fluids at the two
ends of the heat exchanger are

AT, :Th,in _Tc,out =95°C-70°C = 25°C * \9Aéitgr
AT, =Thout ~Toin = 60°C - 25°C = 35°C il
The logarithmic mean temperature difference and the correction 70°C —=— )
factor are ( |}
Alcohol
AT, —AT - :
ATy cop = — 2 _ 25735 _5970c 250C —m— )
' In(AT, / AT,) In(25/35) 2.1 kgls LJ
t_t 70-25 2-shell pass
P=-2_1_-"""_064 + 8 tube passes
T, -t 95-25
T,-T, 95-60 F=0% 60°C
R=-2_1-2""_078
-t 70-25
The rate of heat transfer is determined from
0= MeC oo (Te out — Te,in) = (2.1Kg/s)(2.67 ki/kg.°C)(70°C — 25°C) = 252.3 KW
The surface area of heat transfer is
O =UAATIn— A =—2 = 252.3KW =11.4m?
UFAT,,  0.8kW/m?.°C)(0.93)(29.7°C)
(b) The rate of heat transfer is
0= MeC oo (Te out — Te,in) = (2.1Kg/s)(2.67 ki/kg.°C)(70°C — 25°C) = 252.3 KW
The mass flow rate of the hot fluid is
s . ' 252.3kW
Q=mMuCpn(Thin = Thout) = My = Q =172 kg/s

Con(Thin—Thouy (419 kI/kg.°C)(95°C —60°C)
The heat capacity rates of the hot and the cold fluids are

Cpy =My Cppy = (1.72kg/s)(4.19 ki/kg.°C) = 7.21KW/°C

C, =MeCpe = (2.1kg/s)(2.67 ki/kg.°C) = 5.61kW/°C

Cmin _5-_61

Therefore, C., =C.,=561W/FC and c= =0.78
C 7.21

max
Then the maximum heat transfer rate becomes
Qumax = Crin Thin —Tein) = (5.61WPC)(95°C — 25°C) = 392.7 KW
= Q _ %238 0.64
Quax  392.7
The NTU of this heat exchanger corresponding to this emissivity and ¢ = 0.78 is determined from 11-27d to be NTU = 1.7.
Then the surface area of heat exchanger is determined to be
UA NT ; 7). °
NTU = ZAs VA, = UCin _ @.7) 5 61k\;V/ C)
Crin U 0.8kwW/m?.°C
The small difference between the two results is due to the reading error of the chart.

The effectiveness of this heat exchanger is

=11.9m?
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11-108 Cold water is heated by hot oil in a shell-and-tube heat exchanger. The rate of heat transfer is to be determined using
both the LMTD and NTU methods.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 The overall heat transfer coefficient is constant and uniform.

Properties The specific heats of the water and oil are given to be 4.18 and 2.2 kJ/kg.°C, respectively.
Analysis (a) The LMTD method in this case involves iterations, which involves the following steps:

1) Choose Ty, ;¢

: s Hot oil

2) Calculate Q from Q:mhcp(Thyout—Thyin) 200°C

3) Calculate Ty, from Q = myCo (T out—Thin) ﬂ 3 kyfs

4) Calculate AT, cr - )
Water { )

5) Calculate Q from Q =UAJFAT,, c¢ 14°C — )
3 kgls

6) Compare to the Q calculated at step 2, and repeat until ;J (20 tube passes)

reaching the same result

Result: 651 kwW

(b) The heat capacity rates of the hot and the cold fluids are
Cp =mMyCypp, = (3kg/s)(2.2k/kg.°C) = 6.6 KW/°C
C, =MeCpe = (3ka/s)(4.18kI/kg.°C) =12.54 KW/°C

Therefore,
Cmin = Ch = 66 kW/OC
and

ﬂ = ﬂ =053
12.54

Then the maximum heat transfer rate becomes
Quax = Crin (Thin —Te.in) = (6.6 KW/°C)(200°C ~14°C) =1228 kW
The NTU of this heat exchanger is

UA;  (0.3kW/m?.°C) (20 m?)
6.6 kW/°C

NTU = =0.91

min
Then the effectiveness of this heat exchanger corresponding to ¢ = 0.53 and NTU = 0.91 is determined from Fig. 11-27d to be
=053

The actual rate of heat transfer then becomes

Q = Q¢ = (0.53)(1228 kW) =651kW
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11-109E In a one shell pass and eight tube pass heat exchanger, water is to be heated using hot air at 600°F. For the given
value of convection heat transfer coefficient on the outer surface of the tubes and the fouling resistances, the heat exchanger
area is to be determined using LMTD and & — NTU methods.

Assumptions 1 Steady state conditions exist. 2 Fluid properties remain constant. 3 Heat exchanger is well insulated.

Properties Calculate the thermal properties of water at an average temperature of (150 + 70)°F/2 = 110°F from Table 9-E. c,
= 0.999 Btu/1bm-°F ~ 1 Btu/lbm-°F

Analysis The heat gained by water from hot air is,
Q=mM¢C (T out — Tein) =(50,000 Ibm/h) (1 Btu/lbom- °F)(150 - 70)°F = 4x10° Btu/h

From energy balance we have, heat lost by air = heat gained by water.
mhC ph (rh,in - Th,out) = r‘hcc pc (Tc,out - Tc,in )

_ rhccpc(Tc,out _Tc,in) _ 4x10%Btu/h

- _ — =53,333.33Ibm/h
Con(TMhin ~Thou)  (0-25Btu/lbm- °F)(600 - 300)°F

my

Now the logarithmic temperature difference for a counter flow heat exchanger is calculated as

AT, — AT,

AT, g =—L1 272
mCE T In(AT, / AT,)

AT) =Ty in — Teout =600 —150 =450 °F
and
ATy =Ty out — Tejin =300 —70=230°F

450 - 230

ATimcr =" =327.78 °F
™CF " In(450/ 230)

In order to determine correction factor we first need to find the temperature ratios P and R as follows:

bt _300-600 o oo oo Ti-T,  70-150 _

P = =
T,—t, 70—600 t,—t, 300600

0.266

From Figure 11-19 (a), the correction factor is
F=0.96.

The heat transfer rate is
Q=UAFAT,;,cr

The overall heat transfer coefficient is to be calculated from the given value of convection heat transfer coefficient on the
outer surface of the tubes and accounting for the possible fouling resistance on both water and air side.

1 1
U:F"— Rf,water+ Rf,air

1 1

Ve (0.0015h - 2 - °F/Btu)+ (0.001h - ft > - °F/Btu) — U =27.9Btu/h-ft2.°F
u/h- .0

Therefore, the surface area of the heat exchanger is,

Q 4x10° Btu/h

= =455.5ft2
UFATcr (27.9Btu/h- 1t 2 - °F)(0.96)(327.78° F)

A =

To use & — NTU method we first need to calculate the capacity ratio and effectiveness.

The heat capacity rate of the cold fluid is
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C, =M,C . =(50,000 Ibm/h)(Btw/Ibm- °F) =50,000 Btu/h - °F

The heat capacity rate of the hot fluid is
Cp, =myCp, = (53333.33 Ibm/h)(0.25Btu/lbm- °F) =13333.33Btu/h - °F

The capacity ratio is

_Coin 1333333 _
Crex 50,000

The effectiveness of the heat exchanger is,

oo Q _ Cn(Thin ~Thou) _ (600-300) _
Qmax Cmin (Th,in _Tc,in) (600_ 70)

The NTU of the heat exchanger is calculated using expressions given in Table 11-5.

566

[ 2
NTU = — 1 In 2/e-1-c—+1l+cC
Ji+c? | 2/e-1-c+1+c?
S NTU =— jz 0.952

T 1.034 (3.301

2/0.566 —1—0.266 + \/1+ 0.266°

1, [2/0566-1-0266-1+0266% | 1 (1.233
V1+0.2662

From definition of NTU we get,

UA A = NTU x Cprip _ (0.952) (13333.33Btu/h- °F)
Coin u 27.9 Btu/h- 12 -°F)

NTU = =454.95 ft’

Discussion The surface area of the heat exchanger calculated using LMTD and NTU methods is within 0.1% of each other.
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11-110 Air is heated by a hot water stream in a cross-flow heat exchanger. The maximum heat transfer rate and the outlet
temperatures of the cold and hot fluid streams are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 Fluid properties are constant.

Properties The specific heats of water and air are given to be
4.19 and 1.005 ki/kg.C. N\ 70°C

Analysis The heat capacity rates of the hot and cold fluids are %
Cp, =myCpp = (1kg/s)(4190 J/kg.°C) = 4190 W/°C

Air ol

C, =M.Cp = (3ka/s)(1005 J/kg.°C) = 3015 W/C 2?((/?
3 kals

e
Therefore L %

%)
%)
Cpin =C,, =3015 WFC Bl %\ %\

which is the smaller of the two heat capacity rates. Then the maximum heat transfer rate becomes 1 kgls

Qrox = Chrin (Thin —Tein) = (3015 W/PC)(70°C - 20°C) = 150,750 W = 150.8k W
The outlet temperatures of the cold and the hot streams in this limiting case are determined to be

Q 150.75kW

Q =C (rc,out _Tc,in ) —>Tc,out =Tc,in +C_c =20°C +m =70°C
' Q ____ 150.75kW
Q=Ch(Thin —Thou) —Thout = Thiin C, =170 C_W =34.0°C
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11-111 A cross-flow heat exchanger with both fluids unmixed has a specified overall heat transfer coefficient, and the exit
temperature of the cold fluid is to be determined.

Assumptions 1 Steady operating condition exists. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible. 3 Fluid properties are constant. 4 Changes in the kinetic and potential energies of fluid streams are negligible.

Analysis The heat capacity rates are given as
Ch, =Cpin =40000W/K and  C,=C,,, =80,000 W/K
The capacity ratio is
_Cuin _Cn _ 40,000 W/K _
Cmax C. 80,000 W/K
The NTU of the heat exchanger is

UA; (200 W/m? - K)(400m?)
40,000 W/K

NTU= 2.0

min
Using the equation listed in Table 11-4, the heat transfer effectiveness is

0.22

e=1- exp{&[exp(—c NTU®78) —1]}
c

0.22

=1- exp( 2'8 : {exp[-(0.5)(2.0)*"8] - 1}} =0.7388

From the definition of heat transfer effectiveness,

P Q _ Cc(Tc,out_Tc,in) _ Cc(Tc,out_Tc,in)
Qmax Cmin (rh,in _Tc, in) Ch (rh,in _Tc, in)

or

Teout = %g(l'h’ in = Te,in) + T¢.in = (0.5)(0.7388)(80 — 20)°C + 20°C = 42.2°C
c

Discussion Using Figure 11-27e, the heat transfer effectiveness is approximately ¢ = 73%.
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11-112 Water is heated by hot air in a heat exchanger. The mass flow rates and the inlet temperatures are given. The heat
transfer surface area of the heat exchanger on the water side is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 The overall heat transfer coefficient is constant and uniform.

Properties The specific heats of the water and air are given to be 4.18 and 1.01kJ/kg.°C, respectively.

Analysis The heat capacity rates of the hot and cold fluids are

Ch =M€ pn = (4 ka/s)(4. 18 kI/kg.°C) = 16.72KW/°C 2 Oove’azelr(g o

Ce = MC b = (9 ka/s)(L.01kI/kg.°C) = 9.09kKW/°C :
Therefore, %-\

o Hot Air_—-

Chin =Cc =9.09kW/°C L00°C %) & Q
and 9 kg/s Q) % Cb

c=Cmn _ 909 54 4 Q;\ Q\

Come  16.72 \

Then the NTU of this heat exchanger corresponding to ¢ = 0.544 and &= 0.65 is determined from Fig. 11-27 to be

NTU =15
Then the surface area of this heat exchanger becomes
UA NTUC,; .5)(9. ©
Crin U 0.260 kW/m=.°C
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11-113 Water is heated by a hot water stream in a heat exchanger. The maximum outlet temperature of the cold water and the
effectiveness of the heat exchanger are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 Fluid properties are constant.

Properties The specific heats of water and air are given to be 4.18 and 1.0 kJ/kg.°C.

Analysis The heat capacity rates of the hot and cold fluids are 14°C
Cp, =My Cp = (0.8Kg/s)(1.0 ki/kg.°C) = 0.8 KW/°C \ 0.35 kg/s
C, =M,C e = (0.35kg/s)(4.18 kI/kg.°C) = 1.463KW/°C %
Therefore Air __ 1
65°C (b
Crin =C;, =0.8kwW/°C 0.8 kg/s (b Q)

which is the smaller of the two heat capacity rates. Then the maximum heat =
transfer rate becomes .

v
PO

Quax = Crin (Thin —Te.in) = (0.8KW/°C)(65°C -14°C) = 40.80 kW N
The maximum outlet temperature of the cold fluid is determined to be

Qmex _ 1400, A080KW 1 o

) =C ~Tein)—T, =Tein +
Qmax c (Tc,out,max c,|n) c,out,max c,in 1.463 kW/°C

c

The actual rate of heat transfer and the effectiveness of the heat exchanger are

Q=Cp, (Thin —Thout) = (0.8KW/°C)(65°C - 25°C) = 32 kW

o Q  32kw
O 40.8kW

=0.784
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11-114 Qil in an engine is being cooled by air in a cross-flow heat exchanger, where both fluids are unmixed; (a) the heat

transfer effectiveness and (b) the outlet temperature of the oil are to be determined.

Assumptions 1 Steady operating condition exists. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible. 3 Fluid properties are constant. 4 Changes in the kinetic and potential energies of fluid streams are negligible.

Properties The specific heats of oil and air are given to be ¢y, = 2047 J/kg-K and ¢, = 1007 J/kg-K, respectively.

Analysis (a) The heat capacity rates are
C, =m.Cp = (0.21kg/s)(1007 J/kg - K) = 211.5 W/K

. .. (unmixed)
The capacity ratio is

_Cmin _ Cn _ 53.22WI/K

=———— =0.2516
Crax C. 211.5W/K
The NTU of the heat exchanger is

UA,  (53W/m?-K)@Im?)
Ciin 53.22 W/K

NTU= =0.9959

Using the equation listed in Table 11-4, the heat transfer effectiveness is

0.22

e=1- exp{w[exp(—c NTU®78) —1]}
c

0.22
_1- exp(%{exp[—(&2516)(0.9959)0'78] —1}J ~0.586

(b) The outlet temperature of the cold water can be determined using
Q _ Ch (Th,in _Th,out) _ Ch (Th,in _Th,out)

E=— =
Qmax Cmin (Th,in _Tc,in) Ch (rh,in _Tc,in)

Thout = Thin —&(Mhin —Te,in) = 75°C —(0.586)(75 —30)°C = 48.6°C

Discussion Using Figure 11-27b, the heat transfer effectiveness is approximately ¢ = 60%.

R O
S
QQQ

= X

Oil flow
(unmived)
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11-115 Water is heated by hot air in a cross-flow heat exchanger. Mass flow rates and inlet temperatures are given. The rate
of heat transfer and the outlet temperatures are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 The overall heat transfer coefficient is constant and uniform. 5 The
thickness of the tube is negligible.

Properties The specific heats of the water and air are given to be 4.18 and 1.01 kJ/kg.°C, respectively.

Analysis The mass flow rates of the hot and the cold fluids are

m. = pVA, = (1000 kg/m*)(3 m/s)[80(0.03m)? /4] =169.6 kg/s Water
18°C, 3 m/s

po = 105kPa ~0.908 kg/m”® N in

RT  (0.287 kPam®/kg.K)x (130 + 273 K) % m
i, = PVA, = (0.908kg/m®)(12 m/s)(Lm)? =10.90kg/s ngBAér -

The heat transfer surface area and the heat capacity rates are 105 kPa O Q Se
12 m/s Q) % 1m

A, = nzDL =807(0.03m)(1 m) = 7.540 m? 1] Q\% Q\
C¢ = MeC e = (169.6 kg/s)(4. 18 ki/kg.°C) = 708.9 KW/°C i \

Cp =MyCpp = (10.9kg/s)(1.010 kI/kg.°C) =11.01kW/°C
Therefore,

Cmin =C, =11.01kw/°C
and

gm‘” _ 1101 _ 0.01553

c= =
708.9

max
Qs =Corrin (T hin = Tein) = (11.01kW/°C)(130°C ~18°C) = 1233 kW
The NTU of this heat exchanger is

UA, (130 W/m?.°C) (7.540m?)
Cin 11,010 W/C

NTU = =0.08903

Noting that this heat exchanger involves mixed cross-flow, the fluid with C;, is mixed, C,,, unmixed, effectiveness of this
heat exchanger corresponding to ¢ = 0.01553 and NTU =0.08903 is determined using the proper relation in Table 11-4 to be

&= 1—exp[—l (1—e NV )} = 1—exp[— (1—e°'°155&°'°89°3)} =0.08513
C

0.01553
Then the actual rate of heat transfer becomes
Q = &Qx = (0.08513)(1233 kW) = 105.0kW

Finally, the outlet temperatures of the cold and the hot fluid streams are determined from

: Q .o 105.0 kW )
Q=C¢(Teout —Tejin) —Tecout = Teiin +C—c =18°C +m =18.15°C

. Q on  105.0kwW .
Q=Cpn(Thin —Thout) = Thout = Thin C, =130 C_W =120.5°C
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11-116 Exhaust gases are used in a recuperative cross flow heat exchanger to heat air. For the given values of flow condition,
heat transfer coefficients and the fouling resistance, the air exit temperature and the area of heat exchanger is to be
determined.

Assumptions 1 Steady state conditions exist. 2 Heat exchanger is well insulated. 3 Fluid properties are constant.
Analysis (a) For the given flow conditions the energy balance between the two fluid streams gives,
Heat lost by exhaust gas = Heat gained by air
Q = rhhC ph (Th,in - Th,out) = n.’]cc pc (rc,out - Tc,in )
MnCpn (Thin = Thiout) _ (7:5kg/s)(1069(Ikg - K) (500 - 320)°C |

cToou = + T,
c.out MeC pe ein (15 kg/s)(1069 J/kg - K)

30°C =120°C < 150°C

Hence the air cannot be heated to the desired temperature of 150°C.

(b) The overall heat transfer coefficient is calculated as,

1.1, R, +L. R¢, =;+(0.0004m2 : K/W)+;+(O.0004m2 - KIW)
U h " ohy T 750W/m? LK 300 W/m? - K
Therefore, the overall heat transfer coefficient is
U = 182.92 W/m’-K.
The heat capacity rate of the cold fluid (air) is —]
C, = M.Cpe =(15kg/s)(1069 I/kg - K) =16035W/K —> C oy | I—*_—_—'l‘ljl
The heat capacity rate of the hot fluid (exhaust gas) is, ,(,,i,;:,\.,:‘.‘:;, % QD
Cp, =myCp =(7.5kg/s) (1069 J/kg - K) =8017.5W/K — C, ‘ Q S Q
Thus the capacity ratio is 3 | Q Q Q
Cin 80175 1 e 4
" Cpx 16035 LTI

(unmixed)

The effectiveness of the heat exchanger is

Q _ Ch(hin—Thouw) _ (500-320)°C _

£= = ~ =0.383
Qmax Cmin (Th,in _Tc,in) (500—30) C

Now the number of transfer units (NTU) for both fluids unmixed are obtained from Figure 11-27(e),
NTU =0.6
From the definition of NTU we get,
NTUxC,;, 0.6(8017.5W/K)

- = =26.30m?
A u 182.9W/m? - K

(c) The air mass flow rate in order to attain the desired exit temperature of 150°C is obtained form the energy balance of part
(@)
I MnCph (Thin — Thour)  (7.5kg/s)(L069(I/kg - K) (500 - 320)°C
‘ Cpc (Tc,out _Tc,in) (1069 J/kg ' K)(rc,out - 3000)

o))

For the desired T, oy = 150°C from the above equation we get
m, = 11.25 kg/s

(d) Plotting equation 1 for the given range of the exit air temperature results in the following figure.

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




11-91

300
275
250
225
200
175
150
125
100

75

50

25

0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

m. [kg/s]

Tc,out [OC]

Change in air exit temperature with change in the air mass flow rate.

Discussion The plot shows that the air exit temperature is very sensitive to low air mass flow rates. It is also found that the
effectiveness of the heat exchanger does not change with change in the air mass flow rate and hence increase in the air exit
temperature. Since, for a cross flow heat exchanger with both fluids unmixed, the NTU is a function of effectiveness only.
This implies that the NTU and hence the heat exchanger area will remain unchanged even with decrease in the air mass flow
rate. However, this conclusion is in limit for Cg;, = C.
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11-117 Single pass cross flow heat exchanger uses water (mixed) to heat methanol (unmixed) initially at 10°C. The heat
exchanger area corresponding to the effectiveness of 0.5 is to be determined. Further, the effect of mass flow rate of water on
the heat transfer rate, methanol exit temperature, overall heat transfer coefficient and the effectiveness of the heat exchanger is
to be investigated.

Assumptions 1 Steady state conditions exist. 2 Heat exchanger is well insulated. 3 Fluid properties remain constan. 4 No
fouling within the heat exchanger.

Analysis The effectiveness of heat exchanger is given to be 0.5.
_ Q _ Cc (Tc,out_Tc,in)
Qmax Cmin (Th,in _Tc,in)

Given that the total heat transfer rate is 250 kW, we find the maximum possible heat transfer as,

.05

Qix = 250KW /0.5=500 kW

For the known values of Ty, T¢in and Q we get

Crin = (500 x 10° W)/ (90 — 10)°C = 6250 W/K.
Assuming the methanol to have the minimum heat capacity rate,
C. = Cpin = 6250 WIK.
Now, the mass flow rate of methanol is
M, =C, /¢ e =(6250 W/K)/(2577J/kg - K) = 2.425kg/s
The mass flow rate of water can be calculated from the energy balance between water and methanol.
Heat lost by water = Heat gained by methanol
Q= Mk Coh (Thin = Thiout) = MeCpe (Te.out — Teiin)
250x10° W = (2.425kg/s) (2577 J/kg - K) x (T¢ oy -10)° C
2 Teou =50 °C
Thus the mass flow rate of water is,
Q= MhCon (Thin = Thout)
250 x103W =rh,, (4193J/kg - K) (90 - 60)° C
~.my, =1.99Kkg/s
The heat capacity of the water is
Ch, = MiCpp, = 8333 W/K— C,p,
Since Cy, is Cpax OUr assumption of C. = Cyi, is correct.
Thus the capacity ratio is

c= Conin _ 6250 _ 0.75
Crax 8333

Now the number of transfer units (NTU) are calculated from the equation in Table 11-5 for Cax (Mixed) and C.in (unmixed).

NTU =—In 14+ M09 | __yplq, INAZ05X0.75) | g5
c 0.75

Now from the definition of NTU we can find the surface area as

a NTU Curin _ 0.985(62502W/K) _o47m?
U 650 W/m? - K
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(b)

Q [kW]
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Variation of the total heat transfer rate with change in water mass flow rate

As shown in the figure above, a variation of £30% in the water mass flow rate causes the heat transfer rate to vary by 85%.
The effect of £30% variation in the mass flow rate of water on T, U and ¢ is shown in the following figures. The methanol
exit temperature and effectiveness of heat exchanger is observed to vary linearly with change in water mass flow rate. The
overall heat transfer coefficient also increases with increase in the water mass flow rate as a consequence of increase in the
convection heat transfer coefficient.

The capacity ratio ‘C’ is always lower than unity except for the lowest water mass flow rate of 1.4 kg/s. In this case the heat
capacity of methanol is more than that of the water.
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Variation of the methanol exit temperature witch change in water mass flow rate.
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Variation of overall heat transfer coefficient with change in water mass flow rate.
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Variation of the heat exchanger effectiveness with change in water mass flow rate

Discussion In such problems multivariable optimization techniques can be used to decide upon the most optimum water flow
rate that will give higher heat transfer rates with maximum economy.
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11-118 Ethylene glycol flows over a staggered tube bank to heat the engine oil flowing through tubes. For the known
geometry of the tube bank determine the mass flow rate of ethylene glycol and the number of tube rows.

Assumption 1 Steady state conditions exist. 2 Heat exchanger is well insulated. 3 Properties are constant. 4 No fouling inside
the heat exchanger.

Properties Evaluate the properties of oil at an average temperature of (10 + 70)°C /2 = 40°C from Table A-13: ¢, = 1964
J/kg-K

Analysis (a) From energy balance between ethylene glycol and engine oil we get,

Heat lost by ethylene glycol = Heat gained by engine oil.

Q = I’hhcph(-rc,in _Tc,out) = I’hccpc (Tc,out _Tc,in)
- MeCpe(Te out = Tejin) L,y (405 kgfs)(1964J/kg - K) (70-10)°C

my = h S =8.7kgls
Con(Thin = Thout) (2742 J/kg - K) (110 - 90)°C

Thus the mass flow rate of ethylene glycol is 8.7 kg/s.

(b) For the given tube bank geometry, 0om

O5m

\\_
Sp = \/ S2 1 (Sy /2)° =+/0.035% +0.01752 =0.0391 ﬁx
Ethylene
For staggered arrangement since Sp > Sy, we have 2Ap > Ar. :7'1]\\'1' > Q/(_\ Q_}\
1H10° e~ . ‘
Thus the maximum velocity across staggered tube banks is \ Q \-—/Q’\ 'I :. )
calculated from Equation (7-40). %*»%: o ~— N
: @ D
Voo = Sty Vmaxzs_Tﬂ \_ == |
St - D, St —D, pA
0.035 8.7kgls

= 0.114m/s

max

~(0.035-0.025) (1062 kg/m®)(0.5x0.5)m?
Reynolds number based on maximum velocity is,

APV Do (1062 kg/m®) (0.114m/s)(0.025m)

=1211
u 2.499%107 kg/m-s

Rep
For staggered arrangement we initially assume that the number of tube rows are greater than 16. Thus from Table 7-2 we get,

0.2
Nup :0.35(:—Tj Re2® Pro®5pr/pr)%2 where S; =S,
L

- Nup =0.35(1211)%°(26.12)°2¢(26.12/96.97)**° =57.76

Hence the heat transfer coefficient on the ethylene glycol side is,

h, = Nupk _ 57.76 (0.262W/m- K) 6053 W/t - K
D, 0.025m
The overall heat transfer coefficient is,
l: D, +D0In(D0/Di)+i
U hDb 2k ho
B 0.025m N (0.025m) In(0.025/0.023) N 1
(2500 W/m? . K)(0.023m) 2(250W/m-K) 605.3W/m? - K
1

T (4.34x107* +4.169x107° +1.652x107%) m? - K/W

The overall heat transfer coefficient is
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U =478.4 Winf -K
The heat capacity of ethylene glycol is
Ch =My Cpn =(8.7kg/s)(2742 J/kg- K) = 23855.4 W/K — C

The heat capacity of engine oil is
C. =m.c, =(4.05kg/s)(1964 J/kg-K) = 7954.2W/K—C ;.

Thus the capacity ratio is

o Coin _ 79542 _ oo
Crox  23855.4

The effectiveness of heat exchanger is
£= Q _ Cc(rc,out_Tc,in) _ (70—10)0C —06
Qmax Cmin (Th,in _Tc,in) (110 —1O)OC

The number of transfer units (NTU) of heat exchanger is calculated from Table 11-5 with C,,,, mixed and Cy;, unmixed as

NTU ==1In 1+M =—In 1+W =1.106
c 0.333

From the definition of NTU, we find the surface area of the heat exchanger as,

NTUC,, _ (1.106) (7954.2 W/K)

=18.38m?
U 478.4W/m? - K

A=
Also the surface area of heat exchanger is expressed as
A, =D Lx N x Ny
The number of transverse rows are
N; =05/S; =14
Thus the number of tube rows are

A 18.38m?
N, = = ~ 33
D, LN 72(0.025m)(0.5m)(14)

Discussion Initial assumption of number tube rows more than 16 is correct. In this problem the convection heat transfer
coefficient was assumed. However, it is recommended to calculate the ‘h’ value for oil and verify if the assumption is correct.
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11-119 Water is heated by steam condensing in a condenser. The required length of the tube is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 The overall heat transfer coefficient is constant and uniform.

Properties The specific heat of the water is given to be 4.18 kJ/kg.°C. The heat of vaporization of water at 120°C is given to
be 2203 kJ/kg.

Analysis (a) The temperature differences between the steam and

the water at the two ends of the condenser are Water
AT, =Ty 1y — T, oy =120°C —80°C = 40°C 17°C
' ' 120°C 1.8 kg/s
AT, =T, —T.., =120°C —-17°C =103°C
2 h,out c,in Steam 120°C
—> —

The logarithmic mean temperature difference is

AT, = ATiZAT, | 40-103 o
In(AT, /AT,)  In(40/103)

* 80°C
The rate of heat transfer is determined from

Q =MeCpe (T out — Teiin) = (1.8 kg/s)(4.18 kI/kg.°C)(80°C —17°C) = 474.0kW
The surface area of heat transfer is

Q _ 474.0kW B 2

Q =UAAT,, — A, = = =10.17m
sATim — A UAT,, (0.7 KW/m?.°C)(66.61°C)

The length of tube required then becomes

2
A =L —sL=ts  J0LTMT 50
D 7(0.025m)

(b) The maximum rate of heat transfer rate is
Qrrax =Corrin (T hin — Tein) = (1.8 kg/s)(4.18 kJ/kg.°C)(120°C —17°C) = 775.0kW
Then the effectiveness of this heat exchanger becomes

Q  A4740kw

PR S - 0.6116
Ome 775.0kW

The NTU of this heat exchanger is determined using the relation in Table 11-5 to be
NTU=-In(l—¢&)=-In(1l-0.6116) =0.9457
The surface area is

NTU = YA a = NTUChin _ (09457)(1.8Kg/s)4 18KI/kg°C)

. =10.16 m?
Crin u 0.7 KW/m?.°C

Finally, the length of tube required is

2
A, DL =B _1016mT g
D 7(0.025m)
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11-120 Ethanol is vaporized by hot oil in a double-pipe parallel-flow heat exchanger. The outlet temperature and the mass
flow rate of oil are to be determined using the LMTD and NTU methods.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 The overall heat transfer coefficient is constant and uniform.

Properties The specific heat of oil is given to be 2.2 kl/kg.°C. The heat

of vaporization of ethanol at 78°C is given to be 846 kJ/kg. 120?2 *
Analysis (a) The rate of heat transfer is Ethanol

Q=hhy, =(0.03kg/s)(846 ki/kg) = 25.38kW 780—(:
The log mean temperature difference is 0.03 kg/s

Q=UAAT,,, —> AT}, = Q _ 25,380 W =12.79°C *

UA; (320 W/m?.°C)(6.2m?)

The outlet temperature of the hot fluid can be determined as follows

ATy =Thin = Tein =120°C - 78°C = 42°C

AT, =Tp out = Teout = Thout — 78°C

- 42— -7

and - Al = |nA(llTl /AATTZZ) " In[42 /((TT:;u:t - 788))] S1ere
whose solution is

Thout=79.8C
Then the mass flow rate of the hot oil becomes

Q 25,380 W

) =mc I = = =0.287kg/s
Q=mMCp (Thin ~Thout Cp(Thin —Thout) (2200 J/kg.°C)(120°C — 79.8°C) g

(b) The heat capacity rate C =rmc,, of a fluid condensing or evaporating in a heat exchanger is infinity, and thus
C=Cin /Crrax =0.
—-NTU

The effectiveness in this case is determined from ¢ =1—e

UA, (320 W/m?.°C)(6.2m?)
C (rh, kg/s)(2200 J/kg.°C)

where NTU =

min
and Qmax = Cmin (Th,in _Tc,in)

oo Q _ Crin (Mhin = Tein) _120—Ty 0u1
Qmax Cmin (Th,in _Tc,in) 120-78

Q= Ch (Thin = Thout) =25380 W

. 1)
Q =1 x 22000120 — Ty, 5r) = 25,380 W
6.2x320
Also 120~ Thout —1—g M2200 (2)
120-78

Solving (1) and (2) simultaneously gives

m, =0.287kg/s and T, o, =79.8°C
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11-121 Saturated water vapor condenses in a 1-shell and 2-tube heat exchanger, (a) the heat transfer effectiveness, (b) the
outlet temperature of the cold water, and (c) the heat transfer rate for the heat exchanger are to be determined.

Assumptions 1 Steady operating condition exists. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible. 3 Fluid properties are constant. 4 Changes in the kinetic and potential energies of fluid streams are negligible.

Properties The specific heat of the cold water is given
to be ¢, = 4179 J/kg-K.

Analysis (a) The minimum heat capacity rate is from
the cold fluid, since for the hot fluid,

Ch :Cmax —> 0

Water vapor

i, in

s

o, oul

So, we have
(¢

i I
| Cold water
D -

Ce =Cpin =McCpc =(0.5kg/s)(4179 J/kg - K)

=2090 W/K
The heat capacity ratio in condensation process is
Cc Cmin

c=—C=—mn _,q
Ch Cmax

b, ot

The NTU of the heat exchanger is

UA, (2000 W/m? - K)(0.5m?)
2090 W/K

NTU = =0.4785

min
Using the equation listed in Table 11-4, the heat transfer effectiveness is
& =1—exp(—NTU) =1-exp(—0.4785) = 0.380
(b) The outlet temperature of the cold water can be determined using

c= Q _ Cc(Tc,out_Tc,in) _ Cc(Tc,out_Tc,in)
Qmax Cmin (Th,in _Tc, in) Cc (Th,in _Tc, in)

Te.out = €(Thin —Te,in) + Tg.in = (0.380)(100 —15)°C +15°C = 47.3°C

(c) The heat transfer rate for the heat exchanger is

Q=C.(Te out — Te.in) = (2090 W/K)(47.3-15) K = 6.75x 10* W

Discussion The rate of heat transfer in the heat exchanger can also be calculated using

Q = Cming(Th,in _Tc,in)
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11-122 Steam is condensed by cooling water in a shell-and-tube heat exchanger. The rate of heat transfer and the rate of
condensation of steam are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 The overall heat transfer coefficient is constant and uniform. 5 The
thickness of the tube is negligible.

Properties The specific heat of the water is given to be 4.18 kJ/kg.°C. The heat of condensation of steam at 30°C is given to
be 2430 kJ/kg.

Analysis (a) The heat capacity rate of a fluid condensing in a heat exchanger is infinity. Therefore,
Cpin =C¢ =M,C . =(1800/3600 kg/s)(4.18 kJ/kg.°C) = 2.090 kwW/°C

and Steam
c=0 30°C
Then the maximum heat transfer rate becomes m
. —
Qrex = Criin (Thin = Te.in) = (2.090 kW/°C)(30°C —15°C) = 31.35 KW
and
A, =8nzDL =8x507(0.015m)(2 m) =37.70 m? 15°C
- -
The NTU of this heat exchanger Lc Water
UA, (3kW/m?.°C)(37.70m?) 1800 kg/h
NTU = = =54.11 o
Crin 2.090 kw/°C 30°C

Then the effectiveness of this heat exchanger corresponding to ¢ = 0 and
NTU = 54.11 is determined using the proper relation in Table 11-5

e=1-exp(—NTU) =1-exp(-54.11) =1
Then the actual heat transfer rate becomes
Q=0 = (1)(31.35 kW) =31.35kW
(b) Finally, the rate of condensation of the steam is determined from

Q=rhy ——m =3=m=0.0129kg/s
hy 2431kJ/kg
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3
11-123 Prob. 11-122 is reconsidered. The effects of the condensing steam temperature and the tube diameter on the
rate of heat transfer and the rate of condensation of steam are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
N_pass=8
N_tube=50
T_steam=30 [C]
h_fg_steam=2431 [kJ/kg]
T_w_in=15 [C]
m_dot_w=1800[kg/h]*Convert(kg/h, kg/s)
c_p_w=4.18 [kJ/kg-C]
D=1.5[cm]
L=2[ ]

U=3 [kW/m"2-C]

"ANALYSIS"

"With EES, it is easier to solve this problem using LMTD method than NTU method. Below, we use NTU
method. Both methods give the same results.”
C_min=m_dot_w*c_p_w

¢=0 "since the heat capacity rate of a fluid condensing is infinity"
Q_dot_max=C_min*(T_steam-T_w_in)
A=N_pass*N_tube*pi*D*L*Convert(cm, m)

NTU=(U*A)/C_min

epsilon=1-exp(-NTU) "from Table 11-4 of the text with c=0"
Q_dot=epsilon*Q_dot_max

Q_dot=m_dot_cond*h_fg_steam

Tsteam Q Meong 120 ‘ ; ‘ ‘ ‘ 0.07

[C] kw] | [kg/s]

20 1045 | 0.0043 0.06
225 15.68 | 0.006451 100F

25 20.9 0.008601 f

275 26.13 | 0.01075 gol 0.05

30 31.35 | 0.0129 =
325 3658 | 001505 | — | 0.04 3
35 418 0.0172 E 60l 3
375 4703 | 001935 | = ass rate 003 o
40 5225 |00215 | -0y c
425 57.48 | 0.02365 40 3
45 62.7 0.0258 10.02 * £
475 67.93 | 0.02795

50 73.15 0.0301 20 lo.01
52,5 78.38 | 0.03225

55 83.6 0.0344 0 e 0

57.5 88.83 | 0.03655

60 94.05 | 0.0387 20 30 40 ?‘é] 60 70

62.5 99.28 | 0.04085 steam

65 1045 | 0.043

67.5 109.7 | 0.04515

70 115 0.0473
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D Q mcond 32 ‘ ‘ ‘ ‘ : 0.0135

[em] [KW] [kg/s]

1 31.35 0.0129

1.05 31.35 0.0129

11 3135 | 0.0129 3L.75F

1.15 31.35 0.0129

12 31.35 0.0129 = w

1.25 31.35 0.0129 : o
L m i

13 3135 | 0.0129 = 315 cond 0.013 =,

1.35 31.35 0.0129 O T

1.4 31.35 0.0129 : 8

1.45 31.35 0.0129 i Qo =

15 31.35 0.0129 31.25

155 31.35 0.0129

16 31.35 0.0129

1.65 31.35 0.0129 31 | | ‘ | | | | ‘ | 0.0125

17 31.35 0.0129 1 1.2 1.4 1.6 1.8 2

1.75 31.35 0.0129

18 31.35 0.0129 D [cm]

1.85 31.35 0.0129

1.9 31.35 0.0129

1.95 31.35 0.0129

2 31.35 0.0129
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11-124E The hot water exiting the condenser is to be cooled by passing it through a heat exchanger immersed in large lake.
Using & — NTU method, exit temperature of the water from immersed heat exchanger is to be determined.

Assumptions 1 Steady state conditions exist. 2 Fluid properties remain constant. 3 Lake water is an infinite medium.

Analysis Since the problem statement requires use of &£ — NTU method we first calculate the heat capacity rates of cold and
hot fluids. The cold side i.e. lake water is an infinite medium and its temperature remain virtually unchanged. Thus the cold
side heat capacity C. is Crax, Since Cpax — 0, then ¢ = 0. The hot side heat capacity (condenser exit water) is

Ch =mMpCon =(PAV) Cpp
2
~.C =(62.4Ibm/1t3)[%(éj ft 2](9 t/s) x 1(Btu/lbm- °F) = 3.06 Btu/s- °F

From the definition of NTU we have

UA, UaDL (250Btu/h-ft?-°F)[z (1/12)f (5001)] 1h
C.. C.o 3.06Btu/s- °F 3600s

=297

NTU =
min min
Now form the equation in Table 11-4, the effectiveness is calculated as
& =1-exp(—-NTU) =1-exp(-2.97) =0.948
The heat transfer rate is,
Q =& Qmax =& Chin (rh,in _Tc,in)
-.Q =(0.948) (3.06 Btu/s- °F) (100 — 45)°F =159.55 Btu/s
Thus from energy balance we can find the exit temperature of the water from immersed heat exchanger as,
Q=Cp(Thin —Thout) =(3.06 Btu/s- °F) x (100 — T, 51 )°F
S Thou =47.9°F

Discussion In case of the heat exchangers immersed in ponds or lakes, the immersion depth plays a key role in maintaining
the fluid exit temperature. For shallow depths, the lake water temperature is subject to change with change in environmental
conditions and hence influences the fluid exit temperature.
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11-125 Saturated steam flows over tubes in a shell and tube heat exchanger at specified conditions. Effectiveness of the heat
exchanger, length of the tube and the rate of steam condensation is to be determined.

Assumptions 1 Steady state conditions exist. 2 Fluid properties are constant. 3 Heat exchanger is well insulated.
Properties The properties of water are evaluated at an average temperature of (60 + 20)°C/2 = 40°C from Table A-9:
p=992.1kg/m®, 11=0.653x10" kg/m-s, ¢, =4179J/kg-K , k=0.631 W/m-K, and Pr = 4.32.

The properties of steam are calculated at saturation temperature corresponding to the given saturation pressure. At a saturation
pressure of 270.1 kPa from Table A-9, the saturation temperature of the steam is 130°C. At 130°C, the enthalpy of
vaporization is 2174 kJ/kg.

Analysis (a) Since the steam undergoes a condensation process the temperature of steam remains unchanged at 130 °C. Hence
the Cax is infinity and thus C.y, is for the cold fluid. Thus the capacity ratio is

c=Smin 0.
max

The effectiveness is calculated as Saturated

o .Q _ Ce(Teout —Teiin) _60-20 _ 0.363 o

Qmax Cmin (Th,in - Tc,in) 130-20 'ij ,

(b) Cnin is calculated as X

Crnin = MC pe =(0.25kg/s) (4179 J/kg - K) =1044.75 W/K C P
For a phase change process, the number of transfer units (NTU) is C( ))
calculated as ))

NTU =-In(l-¢&) =—In(Ll—0.363) =0.45 ((
The number of transfer units is defined as CC D 20°C

UA, UnzDL e
NTU=—2=—""7 | Water
min Crin lL—J

Here we first need to calculate the overall heat transfer coefficient. For the given Y it

Re 4m 4(0.25 kg/s) _ 33997

 Du 7 (0.0125 m)(0.653x 10~ kg/m-s)

Since Re > 10,000, the flow is fully turbulent. Assuming the flow to be fully developed the Nusselt number can be determined
from Dittus-Bolter equation:
Nu = hTD =0.023Re%® Pro4 =0.023(38997)°%(4.32)%* =194.42

The convection heat transfer coefficient is
_ Nuk _ (194.42W/m? - K) (0.631W/m- K)

h =9814.4W/m? - K
D 0.0125 m
Thus the overall heat transfer coefficient is
1 1,1 R +R,,= L L (0.00015m? - K/W)+(0.0001 m? - KIW)
U h h * " 9814.4W/m° - K 1500 W/m* - K

U =981.8 W/n? -K
Therefore the length of heat exchanger tube is calculated as
| _NTUC, _ 0.45 (1044.75WI/K) a3
UzDn  (981.8W/m? - K) r(0.0125m) (4)
(c) From the energy balance we have,
MyNtg =MeC e (Teout — Teiin)
iy = (0.25kg/s) (4179 J/kg - K) (60 — 20)°C
2174 x10° J/kg

=0.0192kg/s =69.2kg/h
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11-126 Fq Cold water is used to condense saturated refrigerant R134a in a shell and tube heat exchanger. For a given overall
heat transfer coefficient the heat exchanger area and mass flow rate of cooling water is to be determined. In case of fouling
when the overall heat transfer coefficient drops down, new flow rate of cooling water for complete condensation of refrigerant
is to be determined.

Assumptions 1 Steady state conditions exist. 2 Heat exchanger is well insulated. 3 Fluid properties remain constant. 4
Thermal resistance due to heat exchanger tube walls is negligible.

Properties Thermo physical properties of the cooling water are evaluated at an average temperature of (10 + 40)°C/2 = 25°C
from Table A-9.c, =4180J/kg- K.

Properties of refrigerant R134a are calculated at 1318.6 kPa from Table A-10.
Teat = Thin = Thout =50°C, hyy =151.8x10° J/kg- K

Analysis (a) From energy balance we have,

The required rate of heat transfer for complete condensation is,
Q=riyhg, =(2.5kg/s)(151.8x10° J/kg - K) =3.795x10° W

From heat balance, the heat lost by refrigerant = heat gained by cooling water.
Q= Myhtg =MeCpe(Teout = Teiin)

. My Ny ~ 3.795x10°W
¢ Cpe(Teou —Tein) (4180 J/kg- K)(40 -10)°C

=3.02kg/s

The heat capacity of the cold water is

C, =M.Cp = (3.02kg/s)(4180J/kg - K) =12624 W/K
Since the saturated refrigerant undergoes a phase change process, C,, — o and hence the capacity ratio ¢ = 0.
The effectiveness of the heat exchanger is

Q Myhyg 3.795x105 W

£=— = = =0.75
Qmex  Crmin (Thin —Tein) (12624 W/K)(50 —10)°C

Thus the number of transfer units (NTU) are
NTU =-In(l-¢) =-In(1-0.75) =1.38
From the definition of NTU we find heat exchanger surface area as
NTUC,,, 1.38(12624W/K)

_ - =4.98m?
A u 3500 W/m? - K

(b) In case of fouling, the new heat transfer coefficient is 2800 W/m?-K (0.2 x 3500 W/m?-K).
Based on this new heat transfer coefficient we have the rate of heat transfer as

Q =UAAT,,
Now the logarithmic temperature difference is calculated as

In(AT, /AT,)

ATy =Thin —Teour =50—40=10°C
and

ATZ = Th,OUt _TC,in = 50_10 = 400C
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10-40

i =————=21.64°C
In(L0/ 40)

Therefore the rate of heat transfer is
Q =UA,AT,,, =(2800W/m? - K)(4.98m?) (21.64° C) =3.0174x10° W

Thus the reduction in heat transfer due to fouling is (3.795x10° W -3.0174x10° W) = 0.777x10° W and hence the
refrigerant will not condense completely to saturated liquid at the heat exchanger exit. In order to overcome this situation, the
mass flow rate of cooling water has to be increased to account for this heat transfer reduction. Thus the new mass flow rate of
cooling water is,
Q = mcCpc (Tc,out _Tc,in)
' 7 T77)x10°W
.= Q _ B795+0.77N)X1W 4 o1y
Cpc(Teout = Tein)  (4182J/kg - K)(40 -10)°C

The mass flow rate of cooling water that accounts for fouling in the heat exchanger is 3.64 kg/s.

Discussion Fouling in heat exchanger causes the mass flow rate of cooling water to be increased by about 21%. In case of
large scale systems, this significant increase in mass flow rates will require additional pumping making the heat exchange
process uneconomical.
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Selection of the Heat Exchangers

11-127C In the case of automotive and aerospace industry, where weight and size considerations are important, and in
situations where the space availability is limited, we choose the smaller heat exchanger.

11-128C The first thing we need to do is determine the life expectancy of the system. Then we need to evaluate how much the
larger will save in pumping cost, and compare it to the initial cost difference of the two units. If the larger system saves more
than the cost difference in its lifetime, it should be preferred.

11-129C 1) Calculate heat transfer rate, 2) select a suitable type of heat exchanger, 3) select a suitable type of cooling fluid,
and its temperature range, 4) calculate or select U, and 5) calculate the size (surface area) of heat exchanger

11-130 Oil is to be cooled by water in a heat exchanger. The heat transfer rating of the heat exchanger is to be determined and
a suitable type is to be proposed.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible.

Properties The specific heat of the oil is given to be 2.2 ki/kg.°C.
Analysis The heat transfer rate of this heat exchanger is
Q= MeCpe(Teout = Te,in) = (13ka/s)(2.2 kI/kg.°C)(120°C — 50°C) = 2002k W

We propose a compact heat exchanger (like the car radiator) if air cooling is to be used, or a tube-and-shell or plate heat
exchanger if water cooling is to be used.
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11-131 Water is to be heated by steam in a shell-and-tube process heater. The number of tube passes need to be used is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible.

Properties The specific heat of the water is given to be 4.19 kJ/kg.°C.

Analysis The mass flow rate of the water is + Steam
Q = mccpc (rc,out _Tc,in) m 90°C

ao O . X

Cpc (Tc,out _Tc,in)

B 600 kW
(4.19kJ/kg.°C)(90°C — 20°C) A
=2.046 kg/s E)_C
The total cross-section area of the tubes corresponding to this mass L Water
flow rate is +
e VA, > A = __ 2046KIS _ gor 1074 m?

AV (1000 kg/m*)(3m/s)
Then the number of tubes that need to be used becomes

aD? 4A,  4(6.82x107* m?)
n= =

= -8.68=9
° 4 D2 7(0.01m)?

Therefore, we need to use at least 9 tubes entering the heat exchanger.
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Prob. 11-131 is reconsidered. The number of tube passes as a function of water velocity is to be plotted.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

c_p_w=4.19 [kJ/kg-C]

T_w_in=20 [C]
T_w_out=90 [C]
Q_dot=600 [kW]

D=0.01 [m]
Vel=3 [m/s]

"PROPERTIES"
rho=density(water, T=T_ave, P=100)

T ave=1/2*(T_w_in+T_w_out)

"ANALYSIS"

Q_dot=m_dot_w*c_p_w*(T_w_out-T_w_in)
m_dot_w=rho*A_c*Vel
A_c=N_pass*pi*D"2/4

Vel Nopass
[m/s]

1 26.42
1.5 17.62
2 13.21
2.5 10.57
3 8.808
3.5 7.55
4 6.606
4.5 5.872
5 5.285
5.5 4.804
6 4.404
6.5 4.065
7 3.775
7.5 3.523
8 3.303

11-109
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11-133 Cooling water is used to condense the steam in a power plant. The total length of the tubes required in the condenser
is to be determined and a suitable HX type is to be proposed.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 The overall heat transfer coefficient is constant and uniform.

Properties The specific heat of the water is given to be 4.18 kJ/kg.°C. The heat of condensation of steam at 30°C is given to
be 2431 kJ/kg.

Analysis The temperature differences between the steam and
the water at the two ends of condenser are Steam

o 30°C
ATy =Tpin ~Teout =30°C—26°C = 4°C ) 26°C

AT, =Ty out—Tein =30°C—-18°C =12°C G —

and the logarithmic mean temperature difference is

AT, —AT,  4-12

AT, = = =7.282°C
™ T In(AT,/AT,)  In(4/12) 18°C
——
The heat transfer surface area is I}~° Water
Q _ 500x10% W 30°C +

Q =UA,ATim A = =19,618m?

UAT,, (3500 W/m?.°C)(7.282°C)
The total length of the tubes required in this condenser then becomes

2
A = DL L=t _19B18M™ o) o0m=312km
D 7(0.02m)

A multi-pass shell-and-tube heat exchanger is suitable in this case.
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11-134 Cold water is heated by hot water in a heat exchanger. The net rate of heat transfer and the heat transfer surface area
of the heat exchanger are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 The overall heat transfer coefficient is constant and uniform.

Properties The specific heats of the cold and hot water are given to be

4.18 and 4.19 kJ/kg.°C, respectively. Steam
Analysis The temperature differences between the steam and the water 30°C

at the two ends of condenser are 26°C

——
ATy =Thin —T¢out =30°C—-26°C = 4°C ::

AT, =T out —Tein =30°C—18°C =12°C

and the logarithmic mean temperature difference is

AT, = AT il
ATy = NamATe 4712 5000 =
In(AT, / AT,) In(4/12) L Water
The heat transfer surface area is 30°C +
Q _ 50x10° W )

=1962m

Q =UAATIm A, = = . =
UAT,, (3500 W/m?.°C)(7.28°C)

The total length of the tubes required in this condenser then becomes

A 1962m?

=220 _31,231m=31.2km
D 7(0.02m)

A =mDL—>L =

A multi-pass shell-and-tube heat exchanger is suitable in this case.
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11-135 Petroleum based organic vapor is to be cooled inside a shell and tube heat exchanger. For the specified flow rates of
each fluid, the number of tubes is to be found.

Assumptions 1 Steady state conditions exist. 2 Heat exchanger is insulated. 3 Negligible thermal resistance due to pipe wall
thickness and negligible fouling. 4 Constant fluid properties.

Analysis From the energy balance between the organic vapor and cooling water we have
Heat lost by organic vapor = Heat gained by cooling water

Q = rhhh fg = rthpc (Tc,out _Tc,in)

~.(5kg/s) (580 x 10° J/kg) = (25kg/s) (4187 J/kg - K) (T, out —15)°C =29x10° W
Therefore the exit temperature of the cooling water is

Te ou =42.70°C
Now the logarithmic temperature difference is calculated as

In(AT, / AT,)

ATy =Thin —Teou = 75—42.7=32.3°C
and

AT, =Tp out = Tein = 75-15= 60°C

32.3-60

T = ——_=44.73°C
™ " In(32.3/60)

The heat transfer rate is calculated as

Q =y, =UAAT,, =U(nzDL)AT,,

29x10° W = (550 W/m? - K)nz (0.018m)(5m)(44.73°C)
.. .n =417 tubes

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




11-113

11-136E Hot water flowing through the shell side at known mass flow rate is cooled by water flowing through tubes at
specified mass flow rate and temperature. For the given space constraint, number of tube passes, number of tubes per pass and
the length of each tube are to be determined.

Assumptions 1 Steady state operating conditions exist. 2 Heat exchanger is well insulated. 3 Fluid properties are constant. 4
No fouling inside heat exchanger.

Properties The specific heats of water on shell side and tube side are taken to be 1 Btu/lbm-°F from Table A-9E since for the
range of temperatures in this problem the specific heat of water is almost constant and close to 1 Btu/lbm-°F. Also from Table
A-9E the density of water on tube side is evaluated at an average temperature of (110 +80)°F/2 = 95°F is 62.06 Ibm/ft>.

Analysis As given in the problem statement we first calculate the tube length based on one tube pass and check if it satisfies
the given tube length constraint. The exit temperature of the hot water is calculated by doing an energy balance. The heat
gained by cold water is equal to the heat lost by hot water. Thus we have,

myc ph (Th,in - Th,out) = rhcC pc (Tc,out - Tc,in )
(30000 Ibm/h)(1Btu/lbm- °F) (175 — T, ,,)°F =(40000 lbm/h)(1Btu/lbm- °F)(110 - 80)°F
5T out =135°F

The total heat transfer within the heat exchanger is,

Q=mCop(Thin = Trout) =MCoc(Teout — Tein) = (40000 Ibm/h)(1Btu/lbm- °F)(110 — 80)°F =12 x10° Btu/h
h*¥ph\"hjin h,out cvpc\icout c,in

The heat transfer within a heat exchanger can also be calculated using overall heat transfer coefficient and the log mean
temperature difference.

Q=UAAT,,
where
In(AT, /AT,)
ATy =Ty in —Teout =175-110=65°F
and AT, =T out— Te,in =135-80=55°F

65-55

=27 _599°F
™ In(65/55)

Thus the surface area of the heat exchanger is found to be

0 12 x10° Btu/h

= =91.06t%°
UAT),, (220 Btu/h- 1t ? - °F)(59.9°F)

A =

This is the total surface area of the heat exchanger based on ‘n” number of tubes. We first need to find number of tubes in the
heat exchanger based on the inside pipe diameter of the tubes and average water velocity.

400001bm/h)  1h

=0.1193f 2
(62.061bm/ft®)(1.51t/s)  3600s

i = PAY = A, =

This cross sectional area is the total cross sectional area for ‘n’ tubes. Thus the number of tubes are,

2 2
D 40110317 oo

=N = =
Ao 4 7(0.75/12)? ft?

Thus for n~ 39 tubes and surface area of 91.06 ft?, the length of each tube is calculated as,

2
A, =nD;L=L= A = 91.061 =11.9ft
nzD; 39w (0.75/12)ft
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The length of tube is greater than the given length constraint of 8 ft. Hence it is required to use more than one tube pass. For
multiple pass heat exchangers we need to find the correction factor ‘F’ that accounts for the reduction in LMTD during each
pass. The correction factor ‘F’ requires calculation of temperature ratios P and R from Equations 11-27 and 11-28,
respectively.
polh _10-80 ;016 ang r="T2 1737185 ) 45
T,-t 175-80 t,—-t, 110-80

Thus from Figure 11-19(a) we get
F =0.95.

Based on this correction factor, the total surface area of the tubes is recalculated as,

0 12x10° Btu’h

= =95.85t 2
UFAT,, (220Btu/h-t 2 -°F)(0.95)(59.9°F)

A =

For two tube pass heat exchanger, the length of each tube per pass is calculated as,

A, 95857
2nzD;  2(39)m (0.75/12)ft

A =2nDL=L= 6.261

This tube length is now within the given space constraints. Hence the final heat exchanger design specifications are,
Number of tubes per pass = 39
Number of tube pass = 2

Length of tube per pass = 6.26 ft
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11-137 Saturated liquid benzene is to be cooled using cold water at 15°C. For the given value of overall heat transfer
coefficient, the surface area of the heat exchanger is to be determined for four different configurations.

Assumptions 1 Steady state conditions exist. 2 Heat exchanger is well insulated. 3 Fluid properties remain constant. 4
There is no fouling inside the heat exchanger.

Analysis Heat balance between saturated liquid benzene solution and cooling water gives,
Heat lost by liquid benzene = Heat gained by water
mhcph (Th,in _Th,out) = rhccpc (rc,out - Tc,in)

Mk Con (Thiin = Thiout) .1 _ (5kgls) (1839 /kg - K) (75 -45)°C
MeCpe e 3.5(kg/s) x 4187(J/kg - K)

T +15°C=33.82°C

cout =

In order to use effectiveness-NTU method we first need to determine the heat capacity rates, capacity ratio and effectiveness
of the heat exchanger.

The heat capacity rate of cold fluid (water) is
Cc =M.C e =(3.5kg/s)(4187 J/kg - K) =14654.5 W/K

The heat capacity rate of the hot fluid (liquid benzene) is
C, =My Cp, = (5ka/s)(1839J/kg - K) =9195 W/K

Thus the capacity ratio is

Cin 9195

—0.627
Crax 146545

(a) For parallel flow arrangement,
o Q _ Ch(Thin = Thout) _ 75-45 05
Qmax Cmin (Th,in _Tc,in) 75-15

Therefore, for the known values of effectiveness and capacity ratio we can find the number of transfer units (NTU) from the
relation given in Table 11-5.
CInfl-e@+c)]  Infl-0.5(1+0.627)]

NTU = = =1.032
1l+c 1+0.627

From the definition of NTU we find the surface area as

NTUC;, 1.032(9195W/K)
u 750 W/m? - K

A, = =12.65m?

Thus for a parallel flow arrangement with 12.65 m? surface area, the tube length is

2
LA _1265M7) o603
D 7x0.02(m)
(b) For counter flow arrangement, with £ = 0.5 from part (a), the number of transfer units (NTU) using the relation from Table
11-5 is found to be,

NTU=—+ [ 27t 1 (0571 ) g5
c-1 lce—1) 0627-1 \0.627x05-1

From the definition of NTU we find the surface area as

NTUC,;, O.
a - NTUCw, _085 (9195;N/K) _10.42m?2
u 750 W/m? - K

Thus for a counter flow arrangement with 10.42 m? surface area, the tube length is
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A 10.42(m?)
D 7x0.02(m)

=165.85m

(c) For two shell passes and 40 tube passes, the calculated effectiveness of 0.5 from part (a) is for 2 shell passes.
.6, =05
Now using expressions from Table 11-5 we have
. [cgz_—ljllz _ (0.627 x o.5—1j°'5 1170
& -1 05-1
The effectiveness of heat exchanger in case of one shell pass would be

CF-1 1172-1

= = =0.315
F-c 1.172-0.627

&

Based on this effectiveness for 1 shell pass we calculate the NTU; for 1 shell and 40 tube passes as follows.
125 —1-c—v1+c® | 1 I 2/0315-1-0.627 -1+ 0.6272
Vire? |2/ -1-ce14c? ) V1406272 | 2/0.315-1-0.627 +1+0.627°

Since for multiple passes, NTU, = n(NTU,) i.e., NTU is assumed to be distributed equally during each pass.

=0.433

NTU; =—

For two shell pass we have
NTU, = 2 (0.433) = 0.866.
From the definition of NTU we find the surface area as

NTU, Crin _ 0.866 (9195 W/K)

_ 2
> =10.62m
U 750 W/m* - K

AS =
Thus for a two shell and 40 tube pass flow arrangement with 10.62 m? surface area, the tube length is

2
_ A _ 10.62(m“) _422m
nxzD 7 x0.02(m)x 40

(d) For a cross flow heat exchanger with liquid benzene (mixed) and cooling water (unmixed), from Table 11-5 and € = 0.5
from part (a), we get,
_Infcin@-¢)+1]  In[0.627In(1-0.5) +1]

NTU = = =0.909
c 0.627

From the definition of NTU we find the surface area as

NT : .
a - NTUCH, 20909(91952W/K):11.14m2
U 750 W/m* - K

Discussion Although the heat exchanger surface area in case of counter flow arrangement is less than the shell and tube heat
exchanger, the length of pipe required in this arrangement is impractical. Since in most of the cases available space is a major
constraint, shell and tube heat exchanger may be preferred.
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Special Topic: The Human Cardiovascular System as a Counter-Current Heat Exchanger

11-138C The cardiovascular counter-current mechanism is a method for blood returning to the human body core to be
warmed back to core body temperature after losing heat near the skin. An artery with warmer blood is paired with a vein with
cooler blood. There is significant heat transfer from the artery to the vein to warm the blood. Remember that at the extremity
location, the blood temperature will be close to the environment temperature under “reasonable” scenarios.

11-139C There are two major differences. The first difference is that the fluid is the same throughout the “warm” side and
the “cool” side. The second major difference is that the “warm” side’s output is the input for the “cool” side. Therefore, the
temperature differences are generally not as large as in conventional engineering heat exchangers.

11-140C Clothing would insulate the skin blood vessels from the environment. Therefore, the skin temperature may be closer
to the core body temperature instead of closer to the environmental temperature. This would effectively reduce the load on
the heat exchanger. Extreme environmental conditions may cause the skin blood vessels to be significantly colder or warmer
than the core body temperature. If the skin is relatively cold (< 10°C), the counter-current mechanisms would have a
significant load needed to warm blood back to core temperature. If the skin is very hot (>45°C), then the cardiovascular
counter-current heat exchanger would act to cool venous blood, instead of warm venous blood.

11-141 For the given dimensions of artery, vein and blood vessels total thermal resistance of the cardiovascular system is to
be determined.

Assumptions 1 Steady state conditions exist. 2 Heat transfer coefficients of artery and vein are constant and uniform.

Analysis The total thermal resistance of the cardiovascular system can be formulated as,

R= [iJ + (ij + M
hA artery hA vein 27kL

1 1 . In(600/500)

R— + =99 K/W
(300 W/m? - K)z (0.0005m) (0.05m) (190 W/m? - K)z (0.0006m) (0.05m) 2 (0.670 W/m- K)(0.05m)
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11-142 Reconsider Prob. 11-141 but with fouling resistance due to physiological inhomogeneities for both artery and vein.
Assumption 1 Steady state conditions exist. 2 Heat transfer coefficients of artery and vein are constant and uniform.

Analysis The total thermal resistance of the cardiovascular system can be formulated as,

R= (ij + (ij + M + (&J + [&]
hA artery hA vein 27KL A artery A vein

R 1 . 1 . In(600/500)
(300 W/m? - K)z (0.0005m) (0.05m) (190 W/m? - K)z (0.0006m) (0.05m) 27 (0.670 W/m- K)(0.05m)

0.0005m? - K/W . 0.0003m? - KIW
7 (0.0005m)(0.05m) 7z (0.0006mM)(0.05m)

=108.7 K/IW
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11-143 The cardiovascular system used as a counter-current heat exchanger is used to warm venous blood. For the known
temperature and mass flow rate of arterial blood, the overall blood vessel length is to be determined.

Assumption 1 Steady operating conditions. 2 Fluid properties remain constant 3 Negligible changes in the kinetic and
potential energies.

Analysis The heat capacity rate of the hot and cold side of the heat exchanger is calculated as
Cp =myCpp, = (0.005kg/s) (3475 J/kg - K) =17.38 W/K — C
C, =mCp = (0.002kg/s) (3475J/kg - K) =6.95 W/K— C,

Thus the capacity ratio is

 Cpin _ 6.95W/K
C.. 17.38W/K

max

Now, the theoretical maximum heat transfer rate is calculated as
Qmax = Cmin (Th,in _Tc,in)
5. Quax = (6.95W/K) (37 — 28)°C = 62.55 W
The actual heat transfer rate is,
Qmax = Cc (Tc,out - Tc,in)
5. Quax = (6.95W/K) (35 — 28)°C = 48.65 W
From the definition of the effectiveness of the heat exchanger we get

Q  48.65W

g=—"—= -0.778
O 62.55W

Now the number of transfer units can be obtained from the e-NTU correlations in Table 11-5.

NTU=_S o[ £71 21 [ _O778-1 ) )49
c—1 \ce—-1) 04-1 (04x0.778-1

From the definition of NTU, we find the surface area of the heat exchanger as

NTUC,  1.89(6.95W/K)
U 125W/m? - K

A = =0.105m?

Hence, the length of the heat exchanger is

A, 0.105 m?

=—==—"—___=0.668m
7D 7 (0.05m)
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11-144 The cardiovascular system used as a counter-current heat exchanger is used to warm venous blood. For the known
values of overall heat transfer coefficient and inlet and exit temperatures of blood, the mass flow rate of venous and arterial
blood is to be determined.

Assumptions 1 Steady state conditions exist. 2 Fluid (arterial and venous blood) properties are constant.

Analysis Since we do not know the mass flow rate of hot (arterial) and cold (venous) blood, we can find the heat transfer rate
from,

Q =UAAT,,
The log mean temperature difference for a counter-flow heat exchanger is determined as follows.

In(AT, / AT,)

ATl =Th,il"l _TC,OUI = 37 —34 = 30C
and AT, =Ty oue—Tein =27 -25=2°C

3-2
AT =———=247°C
™ In(3/2)

Thus the actual rate of heat transfer is
Q=UAAT,, =(100W/m? - K) (0.15m?)(2.47 °C) =37.1W

Now, the mass flow rate of hot (arterial) and cold (venous) blood can be determined from energy balance.
Q= MACpn(Th,in = Th,out) = McCpe(Te,out — Te,in)

The mass flow rate of hot (arterial) blood is

my, = Q = 37.1W =1.069/s
Coh(Thin —Thou)  (3475J/kg - K) (37 - 27)°C
The mass flow rate of cold (venous) blood is
Q 37.1W =1.18¢g/s

m = =
© Cpe(Toout —Tein)  (3475J/kg - K) (34 — 25)°C
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Review Problems

11-145 The inlet and outlet temperatures of the cold and hot fluids in a double-pipe heat exchanger are given. It is to be
determined whether this is a parallel-flow or counter-flow heat exchanger.

Analysis In parallel-flow heat exchangers, the temperature of the cold water can never exceed that of the hot fluid. In this case
Teold out = 50°C which is greater than Ty ot = 45°C. Therefore this must be a counter-flow heat exchanger.

11-146 It is to be shown that when AT; = AT, for a heat exchanger, the AT, relation reduces to AT, = AT; = AT,.
Analysis When AT, = AT,, we obtain
AT, -AT, 0

ATjy=——"+—=—=—
In(AT, /AT,) O
This case can be handled by applying L'Hospital's rule (taking derivatives of nominator and denominator separately with
respect to AT, or AT, ). That s,
_ d(AT; -AT,)/dAT, 1
™ d[In(AT, / AT,)]/dAT, 1/AT,
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11-147E Water is heated by solar-heated hot air in a double-pipe counter-flow heat exchanger. The required length of the
tube is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 The overall heat transfer coefficient is constant and uniform.

Properties The specific heats of the water and air are given to be 1.0 and 0.24 Btu/lbm.°F, respectively.

Analysis The rate of heat transfer in this heat exchanger is

Q =My o (Thin —Thout) = (0.7 1bm/s)(0.24 Btu/Ibm2F)(190°F —135°F) = 9.24 Btu/s

The outlet temperature of the cold water is

. Q 9.24 Btu/s
=m.c “T.. ) — ST =T.. +—=  —70°F+ =96.4°F
Q=MeCpe(Teou ~Tein) cout e T g (0.35 Ibm/s)(1.0Btu/lbm°F)

cCpc
The temperature differences at the two ends are

ATy =Thin —Te.out = 190°F — 96.4°F = 93.6°F Cold et

AT, =Ty gut — Tejin =135°F —70°F = 65°F 0.35 Ibm/s
The logarithmic mean temperature difference is

Alin = |nilT1 /AATTZZ) B |nigé(5.6 /655) = 7843°F
The heat transfer surface area on the outer side of the tube is +
determined from

Q 9.24 Btu/s

21.211 2

Q=UAAT A = = =
soim ° UAT,, (20/3600 Btu/s.t?.°F)(78.43°F)

Then the length of the tube required becomes

A . 2
A —DL— L=ty 21211

-2t _162.0ft
D  7(05/12F)
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11-148 A shell-and-tube heat exchanger is used to heat water with geothermal steam condensing. The rate of heat transfer, the
rate of condensation of steam, and the overall heat transfer coefficient are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 Fluid properties are constant.

Properties The heat of vaporization of geothermal water at 120°C is given to be hyy = 2203 kJ/kg and specific heat of water is
given to be c, = 4180 J/kg.°C.

Analysis (a) The outlet temperature of the water is

Teout = Thout — 46 =120°C — 46°C = 74°C + Steam

120°C
Then the rate of heat transfer becomes

Q=[mc o (Tout = Tin M water 5 -

= (3.9 Kg/s)(4.18 kJ/kg.°C)(74°C — 22°C)

=847.7kW
(b) The rate of condensation of steam is determined from 22°C
. . e
Q= (mh fg )geothermal Water
steam 14 tubes u 3.9 kg/s
847.7 kW = m(2203 k/kg) ——>m = 0.3848Kkg/s 120°C +

(c) The heat transfer area is
A =nzD; L =147(0.024 m)(3.2m) = 3.378m?

The logarithmic mean temperature difference for counter-flow arrangement and the correction factor F are
ATy =Thin = Teout =120°C —74°C = 46°C
AT, =T out = Tein =120°C —22°C = 98°C

AT, — AT -
ATimce = L 2_— 46 - 98 =68.75°C
' In(AT, /AT,) In(46/98)

T, -t, 120-22
CT,-T, 120-120

R= - =0
t,—t, 74-22

Then the overall heat transfer coefficient is determined to be

Q 847,700 W

- = =3650W/m?.°C
AFATce  (3.378m?)(1)(68.75°C)

Q=U;AFATncr Ui
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11-149 Hot water is cooled by cold water in a 1-shell pass and 2-tube passes heat exchanger. The mass flow rates of both
fluid streams are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 Fluid properties are constant. 5 There is no fouling.

Properties The specific heats of both cold and hot water streams are taken to be 4.18 kJ/kg.°C.

Analysis The logarithmic mean temperature difference for counter-flow

arrangement and the correction factor F are
+ Water
ATy =Thin —T¢out =60°C—-31°C = 29°C 7°C
ATZ =Th,0ut _Tc,in = 36OC - 7OC = 290C j

36°C —-— s—

Since AT, = AT,, we have AT, c¢ =29°C ’ )I
Water )}

Pl g e
v F =0.88 (Fig. 11-19) ch 1 shell pass
_h-T 7231 31°C + 2 tube passes

t,—t, 36-60
The rate of heat transfer in this heat exchanger is
Q=UAFAT,, c¢ = (950 W/m?.°C)(15 m?)(0.88)(29°C) = 3.64x10° W = 364 kW
The mass flow rates of fluid streams are

. Q ~ 364 kW
© ¢p(Tou—Tin) (4.18kJ/kg.°C)(60°C —36°C)

. o) ~ 364 kW
" e, (T —Tow) (4.18kJ/kg.°C)(31°C—7°C)

=3.63kg/s

=3.63kg/s
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11-150 Water is heated by hot oil in a multi-pass shell-and-tube heat exchanger. The rate of heat transfer and the heat transfer
surface area on the outer side of the tube are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat Hot Oil
exchanger is well-insulated so that heat loss to the surroundings is 130°C
negligible and thus heat transfer from the hot fluid is equal to the heat ’] 3 kgls
transfer to the cold fluid. 3 Changes in the kinetic and potential
——— )

energies of fluid streams are negligible. 4 The overall heat transfer
coefficient is constant and uniform. :(
Cold Water ( )I}

Properties The specific heats of the water and oil are given to be 20°C —=

4.18 and 2.2 kJ/kg.°C, respectively. 3 kygls J

Analysis (a)The rate of heat transfer in this heat exchanger is + (20 tube passes)
Q= M Con (Thin = Thout) = (3kA/s)(2.2kI/kg.°C)(130°C — 60°C) = 462k W 60°C

(b) The outlet temperature of the cold water is

. 0 462 kW
=m.C —T.i)——T =T.;, +——=20°C+ =56.84°C
Q c¥pc (Tc,out c,ln) c,out c,in mccpc (3 kg/s)(4 18 kJ/kg.OC)

The temperature differences at the two ends are
ATy =Ty in — T out =130°C - 56.84°C = 73.16°C
ATy =T} out = Te,in =60°C —20°C = 40°C

The logarithmic mean temperature difference is

AT, AT, _ 7316-45

ATimce = = =57.94°C
' In(AT, /AT,) In(73.16/45)
and
p_lo-t _5684-20 ..
T, -t 130-20 F —0.97

t,—t, 56.84-20
The heat transfer surface area on the outer side of the tube is then determined from

Q _ 462 KW a7 am?
UFAT,,  (0.22kW/m?.°C)(0.97)(57.94°C)

Q =UA,FAT,, A =
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11-151 Water is used to cool a process stream in a shell and tube heat exchanger. The tube length is to be determined for one
tube pass and four tube pass cases.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 Fluid properties are constant.

Properties The properties of process stream and water are given in problem statement.

Analysis (a) The rate of heat transfer is

Q =y Ch (Thin —Thout) = (47 kg/s)(3.5 kJ/kg - °C)(160 —100)°C = 9870 KW

Water
The outlet temperature of water is determined from + 10°C
Q =m.C, (rc,out _Tc,in) m
) 100°C —=—=
Teout = Tejin +——< % =10°C+ (66 kg/ S))zl?fl)_;(\li\;/k ) =45.8°C ( )I}
m s)4. .°
ee g g Process )
The logarithmic mean temperature difference is stream™™
160°C

AT, =Thin —Te,out =160°C —45.8°C =114.2°C

-

AT, = Th,out _Tc,in =100°C-10°C =90°C

_AT AT, 1142-90 o0 oo

ATy =
AT, (114.2}
Inf —| In=——
AT, 90
The Reynolds number is
vorm_ LU (473k9/5) ——~1.008m/s
PR NypeorD? 14 (100)(950 kg/m*)z(0.025m)* / 4
_VDp _ (1.008m/s)(0.025m)(950 kg/m®)
7 0.002kg/m-s

Re =11,968

which is greater than 10,000. Therefore, we have turbulent flow. We assume fully developed flow and evaluate the Nusselt
number from

_ HCp  (0.002 kg/m-s)(3500 J/kg-°C)
Ok 0.50 W/m-°C B

Nu = hTD =0.023Re%® Pr®3 =0.023(11,968) % (14)°2 = 92.9

Pr 14

Heat transfer coefficient on the inner surface of the tubes is

K . 0.50 W/meC
by =—Nu=—""""~
D 0.025m

Disregarding the thermal resistance of the tube wall the overall heat transfer coefficient is determined from

(92.9) =1858 W/m?.°C

1 1 B 2 6
U—1 -1 1 =1269 W/m* -°C

hy h

I + [
1858 4000

(0]
The correction factor for one shell pass and one tube pass heat exchanger is F = 1. The tube length is determined to be
Q =UAFAT,,
9870 kW = (1.269 kW/m? - C)[1007(0.025 m)L |(1)(101.6°C)
L=9.75m
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(b) For 1 shell pass and 4 tube passes, there are 100/4=25 tubes per pass and this will increase the velocity fourfold. We
repeat the calculations for this case as follows:

V =4x1.008 =4.032m/s
Re =4x11968 = 47,872

Nu = hTD =0.023Re"® Pr®3 = 0.023(47,872) %8 (14)*% = 281.6

hy =< Nu = 2OWIMC a1 6y 5632 Wim2 oC
D 0.025m
u=—2t v osmgwm?ec

1 1 1 1

74_7
h h, 5632 4000
The correction factor is determined from Fig. 11-19:
t, -t -
p_ -t _ 100 16020.4
T, -t 10-160
R T,-T, _10-4538
t,—t; 100-160

F =0.96
=0.60

The tube length is determined to be

Q =UAFAT,,
9870 kW = (2.339 kW/m? - C)[100(0.025 m)L ](0.96)(101.6°C)
L=5.51m
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11-152 A hydrocarbon stream is heated by a water stream in a 2-shell passes and 4-tube passes heat exchanger. The rate of
heat transfer and the mass flow rates of both fluid streams and the fouling factor after usage are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 Fluid properties are constant.

Properties The specific heat of HC is given to be 2 ki/kg.°C. The specific heat of water is taken to be 4.18 kJ/kg.°C.

Analysis (a) The logarithmic mean temperature difference for counter-flow arrangement and the correction factor F are

AT, =Thin —Te out = 80°C—50°C = 30°C

AT, =Ty oyt = Tein =40°C—20°C =20°C * g\(l)itgr
AT L ATi-AT, 30220 L oo ﬂ
™ (AT, /AT,)  In(30/20) 50°C ~=— =)
t,—t, 50-20 HC i( )
P = = = 0.5 2000 >
T,-t 80-20 _ —
T _T. 80-40 F =0.90 (Fig. 11-19) J
R=-1_2_°2"""_133 2 shell passes
t,-t, 50-20 40°C * 4 tube passes

The overall heat transfer coefficient of the heat exchanger is

1 1 B 2 o
U—l -1 1 =975.6 W/m* -°C

+
h

7_{_7
. h, 1600 2500

The rate of heat transfer in this heat exchanger is

Q =UA(FAT,,,c¢ = (975.6 W/m? .°C)[1607(0.02 m)(1.5m)}(0.90)(24.66°C) = 3.265x10° W = 326.5kW

The mass flow rates of fluid streams are

m, = Q = 356'5 le/ —~ =5.44kg/s
Cp(Tou—Tin)  (2.0kJ/kg.°C)(50°C — 20°C)
o) 326.5 kW

my, = = - - —=1.95kg/s
Cp(Tin —Tour)  (4.18kI/kg.°C)(80°C —40°C)

(b) The rate of heat transfer in this case is
Q =[mMc, (Tout —Tin)lc = (5.44 kg/s)(2.0 ki/kg.°C)(45°C — 20°C) = 272 kW
This corresponds to a 17% decrease in heat transfer. The outlet temperature of the hot fluid is
Q=[mc, (Tiy ~Toud)n

272 KW = (1.95 kg/s)(4.18 kJ/kg.°C)(80°C T}, o)
Thout = 46.6°C

The logarithmic temperature difference is
ATy =Ty jin —T¢ out =80°C—-45°C = 35°C
ATZ =Th,0Ut _Tc,in = 4660C - 2OOC = 266OC

AT __ATi-AT, _ 35-266
™CF T In(AT, /AT,)  In(35/26.6)

=30.61°C
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T,-t, 80-20
T,-T, 80-46.6

R= = =1.34
t,—t, 45-20

=0.42
F =0.97 (Fig. 11-19)

The overall heat transfer coefficient is
Q= UASFAT ) cr
272,000 W = U [1607(0.02 m)(1.5 m)}(0.97)(30.61°C)
U =607.5 W/m?®.°C
The fouling factor is determined from

R = 11t 1 o110 m2eow
Ugiy Ugean 6075 9756
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PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course

preparation. If you are a student using this Manual, you are using it without permission.



11-130
11-153 Oil is cooled by water in a 2-shell passes and 4-tube passes heat exchanger. The mass flow rate of water and the
surface area are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 Fluid properties are constant. 5 There is no fouling.

Properties The specific heat of oil is given to be 2 kJ/kg.°C. The specific heat of water is taken to be 4.18 kJ/kg.°C.

Analysis The logarithmic mean temperature difference for counter-flow
arrangement and the correction factor F are

ATy =Thin —Te out =125°C—46°C = 79°C i ‘ZAéitCer
AT, =Thout —Tein = 55°C—25°C = 30°C ﬂ
A ATAT, 79530 95°C =—= o)
™CF T In(AT, /AT,)  In(79/30) oil § ‘}
125°C —— )
p_tot 55-125 _ I
T,-t, 25-125 F 0,97 (Fig. 11-19) 2 shell passes
=0U. 1]. - o
. T,-T, 25-46 g 46°C + 4 tube passes
t,-t, 55-125

The rate of heat transfer is

Q =mMpCh (Thin —Thout) = (10 kg/s)(2.0 kd/kg - °C)(125~-55)°C = 1400 KW
The mass flow rate of water is

Q 1400 kW

m,, = = S S —=15.9kg/s
Cp(Tout—Tin)  (4.18kJ/kg.°C)(46°C —25°C)

The surface area of the heat exchanger is determined to be
Q =UAFAT,,
1400 kW = (0.9 kW/m? - C) A, (0.97)(50.61°C)
A, =31.7m?
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11-154 Saturated water vapor condenses in a 1-shell and 2-tube heat exchanger, the outlet temperature of the cold water and
the heat transfer rate for the heat exchanger are to be determined.

Assumptions 1 Steady operating condition exists. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible. 3 Fluid properties are constant. 4 Changes in the kinetic and potential energies of fluid streams are negligible.

Properties The specific heat of the cold water is given
to be ¢, = 4179 J/kg-K.

T,
Analysis The log mean temperature difference for the % in

Water vapor

counter-flow arrangement is T out
AT, —AT,  (100-T; o) —(100-15) @ : ...;T_Cc‘ld water
,in

AT cr = =
"™ CF T IN(ATL/AT,)  IN[(LO0—T, o)/ (100 —15)]

. jl—r’:.-:-ut
The heat transfer rate can be written as

(100 T, o) — (100 —15)
IN[(100 — T, o)/ (100—15)]

Q =UAFAT,, ¢ = (2000 W/m? - K)(0.5m?) (1)

where F = 1 for condensation process. From energy balance, the heat transfer rate can also be written as
Q = rﬁ(:cpc (Tc,out _Tc, in) = (0.5kg/s)(4179 J/kg - K)(Tc,out -15) K (2)

The outlet temperature of the cold water and the heat transfer rate can be determined by solving Egs. (1) and (2)
simultaneously. Copy the following lines and paste on a blank EES screen:

Q_dot=(2000)*(0.5)*((100-T_co)-(100-15))/In((100-T_co)/(100-15))
Q_dot=(0.5)*(4179)*(T_co-15)
Solving by EES software, we get
Q = 67600 W
Teout=47.3C

Discussion The value of the correction factor is F = 1 for process involving phase-change (boiling or condensation).
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11-155 A single-pass cross-flow heat exchanger uses hot air (mixed) to heat water (unmixed), and the required surface area of
the heat exchanger is to be determined.

Assumptions 1 Steady operating condition exists. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible. 3 Fluid properties are constant. 4 Changes in the kinetic and potential energies of fluid streams are negligible.

Properties The specific heat of water at the average temperature of 55°C
is Cpe = 4183 J/kg-K (Table A-9); the specific heat of air at the average
temperature of 160°C is ¢y, = 1016 J/kg-K (Table A-15).

Analysis Using Fig. 11-19d, the correction factor can be determined to be ,-\u-’no;s =
{mixed)

Ct-t, 80-30
T,—t, 220-30

T,-T, 220-100 _ A
t, -1, 80-30 Water flow

(unmixed)

P 0.26

F~092 (Fig. 11-19d)
R =

Using energy balance on the cold fluid, we have
Q =McCpe(Te.out — Te.in) = (3ky/s)(4183J/kg - K)(80 —30) K = 6.275x10° W

The log mean temperature difference for the counter-flow arrangement is

AT, -AT, _ (220—80)— (100 —30)

ATimcr = = °C =101°C
' In(AT,/AT,)  In[(220 —80)/(100 — 30)]

Thus, the surface area can be determined using

: Q
QZUASFATl ,CF — AS:—
m UFATm cr
5
A - 6.275x10° W 33.7m?

(200 W/n? - K)(0.92)(101K)

Discussion If there is fouling, it will reduce the rate of heat transfer of the heat exchanger.
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11-156 Refrigerant-134a is condensed by air in the condenser of a room air conditioner. The heat transfer area on the
refrigerant side is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 The overall heat transfer coefficient is constant and uniform.

Properties The specific heat of air is given to be 1.005 kJ/kg.°C.

Analysis The temperature differences at the two ends are

R-134a
\ 40°C

AT, =Ty 1y — Ty gut = 40°C —35°C = 5°C %
AT, =T out = Tein =40°C —25°C =15°C —
Air % S
The logarithmic mean temperature difference is 25°C %) 35°C
AT, — AT 5-15 H O %) O
ATy = 2= =9.102°C 4]
In(AT, /AT,)  In(5/15) 4] @‘ %\
The heat transfer surface area on the outer side of the tube is o
i 40°C
determined from
O=UAAT,. A Q (15,000/3600) kW _305m?2

TUAT,,  (0.150 kW/m?2.°C)(9.102°C)
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11-157 Oil in an engine is being cooled by air in a cross-flow heat exchanger, where both fluids are unmixed; with a specified
correction factor, the outlet temperatures of the oil and air are to be determined.

Assumptions 1 Steady operating condition exists. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible. 3 Fluid properties are constant. 4 Changes in the kinetic and potential energies of fluid streams are negligible.

Properties The specific heats of oil and air are given to be ¢y, = 2047 J/kg-K and ¢, = 1007 J/kg-K, respectively.
Analysis On the shell side (air),
(mcC pc)shellside = (021 kg/S)(1007 J/kg . K) = 2115 W/K 1

On the tube side (oil), 1.
(M o) peside = (0:026 kg/s)(2047 J/kg - K) = 53.22 W/K Air flow

(unmixed)

Then, we have

T, -T, _ (mhcph)tubeside _ 53.22W/K “]

D00

d o
/00 &

R= =— = =0.2516 1
t, -t (mccpc)shellside 211.5W/K ms h
With R = 0.25 and F = 0.96, using Fig. 11-19c yields Oil flow
(1unmived)
-t
P=—-—=%0.60
-t

The outlet temperature of the oil is
t, -t
P= ﬁ - Thou =t =P(T; —t;) +1, = (0.6)(30 — 75)°C + 75°C = 48.0°C
171
The outlet temperature of the air is
T1 _T2
R= e — Teout =T2 =T, = R(t; —t;) =30°C - (0.2516)(48 - 75)°C = 36.8°C
271

Discussion The outlet temperatures can be determined using the effectiveness-NTU method without knowing the value of the
correction factor (F).
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11-158 A water-to-water counter-flow heat exchanger is considered. The outlet temperature of the cold water, the
effectiveness of the heat exchanger, the mass flow rate of the cold water, and the heat transfer rate are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 The overall heat transfer coefficient is constant and uniform.

Properties The specific heats of both the cold and the hot water are given to be 4.18 kJ/kg.°C.
Analysis (a) The heat capacity rates of the hot and cold fluids are
Cpy =My Cpp =1.5m, (4.18kI/Kg.°C) = 6.27rh,

C, =MeCpe =M, (4.18kI/kg.°C) = 4.18m,

Therefore, Hot water
Cmin = Cc = 4'18mc ESLC
and
¢ Cmin _ 218M; _ ) cee7
Crax  6.27M,

The rate of heat transfer can be expressed as
Q=Ce (Teout—Tein) = (418, )T o0 — 20)
Q=Cpy(Tnin — Thouw) = (6.27M,)[95 — (T, oy +15)|= (6.27r: )(80 — T o)
Setting the above two equations equal to each other we obtain the outlet temperature of the cold water
Q = 4.18rh (T, oy — 20) = 6.27M (80 — T o)
4.18(T; oyt — 20) =6.27(80 = T, 5 yt) —> T oyt =56.0°C
(b) The effectiveness of the heat exchanger is determined from

Q  Cc(Teou—Tein)  4.18rm (56.0 — 20)

E=8 - = : =0.480
Qmax Cc (Th,in - Tc,in ) 4-18mc (95 - 20)

(c) The NTU of this heat exchanger is determined from

NTU = 1 In -1 _ 1 In 0.480-1
e&—-1) 0.6667—-1 \0.480x0.6667 —1

}:0.8048
c-1

Then, from the definition of NTU, we obtain the mass flow rate of the cold fluid:

NTU = VA ——0.8048 = 1.400 kW/ c m, =0.4162kg/s
4.18m,

min
(d) The rate of heat transfer is determined from

Q=1MC e (Te 00t — Tein) = (0.4162 kg/s)(4.18 kI/kg.°C)(56.0 — 20)°C = 62.6kW
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11-159 Water is heated by geothermal water in a double-pipe counter-flow heat exchanger. The mass flow rate of the
geothermal water and the outlet temperatures of both fluids are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 The overall heat transfer coefficient is constant and uniform.

Properties The specific heats of the geothermal water and the cold water are given to be 4.25 and 4.18 kJ/kg.°C, respectively.

Analysis The heat capacity rates of the hot and cold fluids are

Cp =MpCpp =My, (4.25ki/kg.°C) = 4.25my, Cold Water
Ce = MeCp = (1.2 Kg/s)(4.18kI/kg.°C) = 5.016 KW/°C 17°C +
Geoth |
C,i =C, =5.016 KW/°C B er
and c=—"0 - > 01.6 1 1_802 75°C
Crax  4.25my my,
The NTU of this heat exchanger is
UA . 20 2
NTU = YA _ (0.480 kW/m=.°C)(25 m*~) 2302
min 5.016 kW/°C
Using the effectiveness relation, we find the capacity ratio
. 1-exp[-NTU(@1—c)] 0.823— 1-exp[-2.392(1—c)] C 0494
1-cexp[- NTU(L-c)] 1-cexp[-2.392(1-c)]

Then the mass flow rate of geothermal water is determined from

oo 1.1'802 0.494 — 1.1.802
my, my

m,, =2.39kg/s

The maximum heat transfer rate is
Quax = Crin Thin —Tein) = (5.016 KW/°C)(75°C -17°C) = 290.9 KW
Then the actual rate of heat transfer rate becomes
Q = Q. = (0.823)(290.9kW) = 239.4 KW
The outlet temperatures of the geothermal and cold waters are determined to be
Q=C(Teout —Tein) —>239.4KW = (5.016 KW/°C)(T ot —17) —— T ot = 64.7°C

Q= MnCph (Thin = Thout)
239.4 KW = (2.39 Kg/s)(4.25 kI/kg.°C)(75 — Ty out) — Thout = 51.4°C
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11-160 A cross-flow heat exchanger with both fluids unmixed has a specified overall heat transfer coefficient, (a) the exit
temperature of the hot fluid and (b) the rate of heat transfer in the heat exchanger are to be determined.

Assumptions 1 Steady operating condition exists. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible. 3 Fluid properties are constant. 4 Changes in the kinetic and potential energies of fluid streams are negligible.

Analysis (a) The heat capacity rates are given as
Ch, =Cpin =40000W/K and  C,=C,,, =80,000 W/K
The capacity ratio is
_Cuin _Cn _ 40,000 W/K _
Cmax C. 80,000 W/K
The NTU of the heat exchanger is

UA; (200 W/m? - K)(400m?)
40,000 W/K

NTU= 2.0

min

Using the equation listed in Table 11-4, the heat transfer effectiveness is

e=1- exp{%m [exp(—c NTU%78) —l]}
2.0%% 078
=1-exp 05 {exp[—(0.5)(2.0)"""]-1}

=0.7388

From the definition of heat transfer effectiveness,

Q _ Ch (Th,in _Th,out) _ Ch (Th,in _Th,out)

E=— =
Qmax Cmin O-h,in _Tc,in) Ch O-h,in _Tc, in)

Thout = Thin —&(Th in —Te.in) = 80°C — (0.7388)(80°C — 20°C) = 35.7°C

(b) The rate of heat transfer in the heat exchanger is
Q=C(Th.in — Th.out) = (40,000 W/K)(80°C —35.7°C) = 1.77x10° W
Discussion The rate of heat transfer in the heat exchanger can also be calculated using

Q = Cc (Tc,out _Tc, in)
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11-161 A water-to-water heat exchanger is proposed to preheat the incoming cold water by the drained hot water in a plant to
save energy. The heat transfer rating of the heat exchanger and the amount of money this heat exchanger will save are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible.

Properties The specific heat of the hot water is given to be 4.18 kJ/kg.°C.

Analysis The maximum rate of heat transfer is Cold Water
Qmex = rthph (rh,in _Tc,in) 14°C
= (8/60kg/s)(4.18 ki/kg.°C)(60°C —14°C) Hot water
=25.6 KW —
) ] ) 60°C
Noting that the heat exchanger will recover 72% of it, the actual 8 kg/s

heat transfer rate becomes

Q = Quex = (0.72)(25.6 ki/s) =18.43kW
which is the heat transfer rating. The operating hours per year are
The annual operating hours = (8 h/day)(5 days/week)(52 week/year) = 2080 h/year
The energy saved during the entire year will be
Energy saved = (heat transfer rate)(operating time)
= (18.43 kJ/s)(2080 h/year)(3600 s/h)
=1.38x108 KJ/year

Then amount of fuel and money saved will be

Fuel saved =

Energy saved  1.38x10® k/year ( 1 therm

- =1677 therms/year
Furnace efficiency 0.78 105,500 kJ

Money saved = (fuel saved)(the price of fuel)
= (1677 therms/year)($1.00/therm)
=$1677/year
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11-162 A single-pass cross-flow heat exchanger with both fluids unmixed, (a) the NTU value and (b) the value of the overall
heat transfer coefficient are to be determined.

Assumptions 1 Steady operating condition exists. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible. 3 Fluid properties are constant. 4 Changes in the kinetic and potential energies of fluid streams are negligible.

Properties The properties of oil are given to be c,, = 1.93 ki/kg-K and

p =870 kg/m°.
Analysis (a) The mass flow rate of oil (hot fluid) is 0il ﬂm\_
i, = pU = (870 kg/m)(0.19 m¥/min)(L/ 60 min/s) = 2.755kgls e O N O
The heat capacity rate for the hot fluid is Q Q Q
Cp, = MyCpp = (2.755kg/s)(1930 J/kg - K) = 5317 W/K | % Q\

Water flow

Using energy balance, we have Gnlced)

C Th in _Th out 38-29
c T oy—c T ~c __h O =0.5294
c(Tc,out c,|n) h(Th,ln h,out) - C. Tc,out —Tc,in 33-16

or c:&:cﬂ:0.5294
Ch max
The heat transfer effectiveness is
o= Q _ Cc(rc,out_Tc,in) :Cc(Tc,out_Tc,in):33—16
Qmax C:min (Th,in _Tc,in) Cc (Th,in _Tc,in) 38-16

From Table 11-4, the NTU value can be determined from

=0.7727

0.22

&= 1—exp{¥[exp(—c NTU®™®) —1]}

Copy the following lines and paste on a blank EES screen to solve the above equation:
c=0.5294
epsilon=0.7727
epsilon=1-exp(NTU"0.22/c*(exp(-c*NTU"0.78)-1))
Solving by EES software, we get
NTU=2.39

(b) The value of the overall heat transfer coefficient is

NTU =22 o y=NTuSmn Ny
Cmin As As
U = (2.39) (0'52942)(()53127 WK _ 336 wim? - Kk
m

Discussion Using Figure 11-27c, the NTU value is found to be approximately NTU = 2.4.
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11-163 Air is to be heated by hot oil in a cross-flow heat exchanger with both fluids unmixed. The effectiveness of the heat
exchanger, the mass flow rate of the cold fluid, and the rate of heat transfer are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 The overall heat transfer coefficient is constant and uniform.

Properties The specific heats of the air and the oil are given to be 1.006 and 2.15 kJ/kg.°C, respectively.
Analysis (a) The heat capacity rates of the hot and cold fluids are

Cpy =My Cpp = 0.5M (2.15k/kg.°C) =1.075m, oil

Cq = M,C b = M (1.006 kI/kg.°C) = 1.006m, N 80°C

Theretor, ——

Cyrin = C,. =1.006rM, Air
18°C

and —= 58°C

& &

%)
Cpin _ 10060, ol %)

= —° —0.936 .
Coex  1.075mM, i

2
B OO

The effectiveness of the heat exchanger is determined from
c= Q _ Cc (rc,out_Tc,in) _ 58-18

Qmax Cc (Th,in _Tc,in) 80-18

(b) The NTU of this heat exchanger is expressed as

UA,  (0.750kW/°C) _ 0.7455
Cuin  1.006mM, m,

=0.645

NTU =

The NTU of this heat exchanger can also be determined from

_Infcin@-£)+1] ~ In[0.936xIn(L—0.645)+1]
c B 0.936 -

NTU = 3.724

Then the mass flow rate of the air is determined to be

UA, 3.724_ (Q750KWIC)
Crrin 1.006m,

NTU=

m, =0.20kg/s

(c) The rate of heat transfer is determined from

Q =M€ e (Te o0t~ Tein) = (0.20 kg/s)(L.006 kI/kg.°C)(58-18)°C = 8.05kW
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11-164 The inlet conditions of hot and cold fluid streams in a heat exchanger are given. The outlet temperatures of both
streams are to be determined using LMTD and the effectiveness-NTU methods.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 Fluid properties are constant.

Properties The specific heats of hot and cold fluid streams are given to be 2.0 and 4.2 kJ/kg.°C, respectively.

Analysis (a) The rate of heat transfer can be expressed as

Q=ric p (Thin — Thout) = (270073600 kg/s)(2.0 kI/kg.°C)(120 — T}, o) =1.5(120 — T, o) (1)

Q =i, (T out — Ten) = (1800/3600 kg/s)(4.2 kI/KG.2C)(T, gyt — 20) = 2. 4T o —20)  (2)

The heat transfer can also be expressed using the logarithmic mean temperature difference as
AT =Ty in = Tein =120°C—20°C =100°C

AT, =Th,0ut _Tc,out Te.ou *
120°C

AT _ATi-AT, _ 100— (T out = Te out) 2700 kg/h

m = =

; AT, 100 - -

In| — Inf —— Th,out
ATZ Th,out _Tc,out
. 20°C
Q =UAAT,, = Qnem 1800 kg/h
AAT |,
100 - (Th,out _Tc,out) _ 100 - (Th,out _Tc,out) (3)

= (2.0kW/m? -°C)(0.50 m?)

100 100
Inf ———— Inf ———M———
Th,out _Tc,out Th,out _Tc,out

Now we have three expressions for heat transfer with three unknowns: Q » Thouts Teout- SOIVing them using an equation solver
such as EES, we obtain

Q=59.6 kW
Thou =80.3°C
T.out =48.4°C

(b) The heat capacity rates of the hot and cold fluids are
Cp, =myc,p = (2700/3600 kg/s)(2.0 kI/kg.°C) =1.5kW/°C
C =MeCp = (1800/3600 kg/s)(4.2kI/kg.°C) = 2.1kW/°C

Therefore

Cpin =Cp, =1.5KW/°C

min

which is the smaller of the two heat capacity rates. The heat capacity ratio and the NTU are

UA  (20kW/m?-C)(0.50m?)
1.5kW/°C

NTU = =0.6667

min
The effectiveness of this parallel-flow heat exchanger is

o 1o exp[- NTU(L+c)] 1—exp[-(0.6667)(1 +0.7143)]
1+c 1+0.7143

=0.3973

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




The maximum heat transfer rate is

Quax = Crin (Thin = Te.in) = (1.5 KW/°C)(120°C — 20°C) =150 kW
The actual heat transfer rate is

Q = &Q, s =(0.3973)(150) = 59.60 kW

Then the outlet temperatures are determined to be

0 59.60 kW

Q =C, (Tc,out _Tc,in)—)Tc,out =Tein + C_c =20°C+ 2 1KW/°C =48.4°C
- Q o~ 59.60kW .
Q=Cp(Thin = Thout) —Thout =Thiin C, =120 C—m =80.3°C

11-142

Discussion The results obtained by two methods are same as expected. However, the effectiveness-NTU method is easier for

this type of problems.
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11-165 The inlet and exit temperatures and the volume flow rates of hot and cold fluids in a heat exchanger are given. The
rate of heat transfer to the cold water, the overall heat transfer coefficient, the fraction of heat loss, the heat transfer efficiency,
the effectiveness, and the NTU of the heat exchanger are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Changes in the

kinetic and potential energies of fluid streams are negligible. 3 Fluid Hot
properties are constant. water
Properties The densities of hot water and cold water at the average ﬂ 38.9°C
temperatures of (38.9+27.0)/2 = 33.0°C and (14.3+19.8)/2 = 17.1°C are

994.8 and 998.6 kg/m° respectively. The specific heat at the average 19.8°C —=— )
temperature is 4178 J/kg.°C for hot water and 4184 J/kg.°C for cold { |}
water (Table A-9). Cold

Analysis (a) The mass flow rates are water —= € )
My, = PV, = (994.8 kg/m®)(0.0025/60 m>/s) = 0.04145 kg/s 14.3°C LJ
M. = pV, = (998.6 kg/m?®)(0.0045/60 m3/s) = 0.07490 kg/s 27.0°C *

The rates of heat transfer from the hot water and to the cold water are
Qh =[mc D (Tin =Tou)]h = (0.04145 kg/s)(4178 kd/kg.°C)(38.9°C —27.0°C) = 2061 W

Q¢ =[me, (Toue —Tin )l = (0.07490 kg/s)(4184 ki/kg.°C)(19.8°C —14.3°C) = 1724 W
(b) The logarithmic mean temperature difference and the overall heat transfer coefficient are

AT} =Thin —Teout =38.9°C-19.8°C =19.1°C

ATy =Ty out = Te,in = 27.0°C-14.3°C=12.7°C

AT, —AT 1-12.
AT, =———2 _181-127 )5 6

In AT:l. |n(191)
AT, 12.7
U Qnem __(1724+2061) /2 W

T AAT,,  (0.0400 m?)(15.68°C)

Note that we used the average of two heat transfer rates in calculations.
(c) The fraction of heat loss and the heat transfer efficiency are

Qn—-Q, 20611724
Q, 2061
Q. 1724
o, 2061

(d) The heat capacity rates of the hot and cold fluids are
Cy, =mpCpp =(0.04145kg/s)(4178 ki/kg.°C) =173.2 WPC
C; =mM.Cp = (0.07490kg/s)(4184 ki/kg.°C) = 313.4 W/C
Therefore
Cpin =C;, =173.2W/C
which is the smaller of the two heat capacity rates. Then the maximum heat transfer rate becomes
Qumax = Crin Thin —Tein) = (173.2 WPC)(38.9°C-14.3°C) = 4261 W
The effectiveness of the heat exchanger is
Q  (1724+2061)/ 2 kW
"0, 4261kwW
One again we used the average heat transfer rate. We could have used the smaller or greater heat transfer rates in calculations.
The NTU of the heat exchanger is determined from

UA (3017 W/m? - C)(0.0400 m?)
173.2 W/C

=3017W/m?.C

~0.164=16.4%

1:Ioss =

=0.836=83.6%

=0.444 = 44.4%

NTU = =0.697

min

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




11-144

Fundamentals of Engineering (FE) Exam Problems

11-166 Saturated water vapor at 40°C is to be condensed as it flows through the tubes of an air-cooled condenser at a rate of
0.2 kg/s. The condensate leaves the tubes as a saturated liquid at 40°C. The rate of heat transfer to air is

() 34 kifs (b) 268 k/s (c) 453 kifs (d) 481 ki/s (e) 515 ki/s

Answer (d) 481 kJ/s

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T1=40 [C]

m_dot=0.2 [kg/s]
h_f=ENTHALPY(Steam_IAPWS,T=T1,x=0)
h_g=ENTHALPY(Steam_IAPWS,T=T1,x=1)
h fg=h_g-h_f

Q_dot=m_dot*h_fg

"Wrong Solutions:"

W1_Q=m_dot*h_f "Using hf"
W2_Q=m_dot*h_g "Using hg"

W3_Q=h_fg "not using mass flow rate"
W4_Q=m_dot*(h_f+h_g) "Adding hf and hg"

11-167 Consider a double-pipe heat exchanger with a tube diameter of 10 cm and negligible tube thickness. The total thermal
resistance of the heat exchanger was calculated to be 0.025 °C/W when it was first constructed. After some prolonged use,
fouling occurs at both the inner and outer surfaces with the fouling factors 0.00045 m?°C/W and 0.00015 m2°C/W,
respectively. The percentage decrease in the rate of heat transfer in this heat exchanger due to fouling is

(@) 2.3% (b) 6.8% (c) 7.1% (d) 7.6% (e) 8.5%

Answer (c) 7.1%

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

D=0.10 [m]

R_o0ld=0.025 [C/W]

R_f_i=0.00045 [m"2-C/W]

R_f_0=0.00015 [m"2-C/W]

L=1 [m] "Consider a unit length"

A=pi*D*L

R_fouling=R_f_i/A+R_f o/A

R_new=R_old+R_fouling

U_old=1/(R_old*A)

U_new=1/(R_new*A)

PercentDecrease=(U_old-U_new)/U_old*Convert(, %)

"Some Wrong Solutions with Common Mistakes"
W1_PercentDecrease=R_fouling/R_old*Convert(, %) "Comparing fouling resistance to old resistance"
W2_R_fouling=R_f _i+R_f_o "Treating fouling factors as fouling resistances"
W2_R_new=R_old+W2_R_fouling

W2_U_new=1/(W2_R_new*A)
W2_PercentDecrease=(U_old-W2_U_new)/U_old*Convert(, %)
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11-168 Hot water coming from the engine is to be cooled by ambient air in a car radiator. The aluminum tubes in which the
water flows have a diameter of 4 cm and negligible thickness. Fins are attached on the outer surface of the tubes in order to
increase the heat transfer surface area on the air side. The heat transfer coefficients on the inner and outer surfaces are 2000
and 150 W/m?2°C, respectively. If the effective surface area on the finned side is 10 times the inner surface area, the overall
heat transfer coefficient of this heat exchanger based on the inner surface area is

(a) 150 W/m?.°C (b) 857 W/m?.°C (c) 1075 W/m?°C  (d) 2000 W/m*°C  (e) 2150 W/m?.°C

Answer (b) 857 W/m?°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

D=0.04 [m]

h_i=2000 [W/m"2-C]

h_0=150 [W/m”2-C]

A _i=1 [m"2]

A 0=10 [m"2]

1/(U_i*A_i)=1/(h_i*A_i)+1/(h_o*A_o) "Wall resistance is negligible"

"Some Wrong Solutions with Common Mistakes"

W1 U _i=h_i"Using h_i as the answer"

W2_U_o=h_o "Using h_o as the answer"

W3 _U_o=1/2*(h_i+h_o) "Using the average of h_i and h_o as the answer"

11-169 A heat exchanger is used to heat cold water entering at 8°C at a rate of 1.2 kg/s by hot air entering at 90°C at rate of
2.5 kg/s. The highest rate of heat transfer in the heat exchanger is

(a) 205 kW (b) 411 kW () 311 kW (d) 114 kW (e) 78 kW

Answer (a) 205 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

cp_c=4.18 [kJ/kg-C]
cp_h=1.0 [kJ/kg-C]

Tc_in=8 [C]

Th_in=90 [C]

m_c=1.2 [kg/s]

m_h=2.5 [kg/s]

"From Q_max relation, Q_max=C_min(Th,in-Tc,in)"
Cc=m_c*cp_c

Ch=m_h*cp_h
C_min=min(Cc, Ch)
Q_max=C_min*(Th_in-Tc_in)

"Some Wrong Solutions with Common Mistakes:"
C_max=max(Cc, Ch)
W1Q_max=C_max*(Th_in-Tc_in) "Using Cmax"
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11-170 Cold water (c, = 4.18 kJ/kg-°C) enters a heat exchanger at 15°C at a rate of 0.5 kg/s where it is heated by hot air
(cp = 1.0 kJ/kg-°C) that enters the heat exchanger at 50°C at a rate of 1.8 kg/s. The maximum possible heat transfer rate in
this heat exchanger is

(a) 51.1 kW (b) 63.0 KW () 66.8 kW (d) 73.2 KW (€) 80.0 kW

Answer (b) 63.0 W

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T c in=15[C]
_dot_c=0.5 [kg/s]

. p_c=4.18 [kJ/kg-C]

h_in=50 [C]

_dot_h=1.8 [kg/s]

c_p_h=1.0 [kJ/kg-C]

_c=m_dot _c*c_p_c
h=m_dot_h*c_p_h

C min=min(C_c, C_h)
Q_dot_max=C_min*(T_h_in-T_c_in)

m
C

T
m

OO

"Some Wrong Solutions with Common Mistakes"
W1 C_min=C_c "Using the greater heat capacity in the equation”
W1_Q_dot_max=W1_C_min*(T_h_in-T_c_in)

11-171 Hot oil (c, = 2.1 k/kg-°C) at 110°C and 8 kg/s is to be cooled in a heat exchanger by cold water (c, = 4.18 kJ/kg-°C)
entering at 10°C and at a rate of 2 kg/s. The lowest temperature that oil can be cooled in this heat exchanger is

(a) 10.0°C (b) 33.5°C (c) 46.1°C (d) 60.2°C (e) 71.4°C

Answer (d) 60.2°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

cp_c=4.18 [kJ/kg-C]
cp_h=2.1 [kJ/kg-C]

Tc_in=10 [C]

Th_in=110 [C]

m_c=2 [kg/s]

m_h=8 [kg/s]

"From Q_max relation, Q_max=C_min(Th,in-Tc,in)"
Cc=m_c*cp_c

Ch=m_h*cp_h
C_min=min(Cc, Ch)
Q_max=C_min*(Th_in-Tc_in)
Q_max=Ch*(Th_in-Th_out)

“Some Wrong Solutions with Common Mistakes:”
C_max=max(Cc, Ch)
W1Q_max=C_max*(Th_in-Tc_in) “Using Cmax”
W1Q_max=Ch*(Th_in-W1Th_out)
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11-172 Cold water (c, = 4.18 kJ/kg-°C) enters a counter-flow heat exchanger at 18°C at a rate of 0.7 kg/s where it is heated by
hot air (c, = 1.0 kJ/kg-°C) that enters the heat exchanger at 50°C at a rate of 1.6 kg/s and leaves at 25°C. The maximum
possible outlet temperature of the cold water is

(a) 25.0°C (b) 32.0°C (c) 35.5°C (d) 39.7°C () 50.0°C

Answer (c) 35.5°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T c in=18 [C]
ot_c=0.7 [kg/s]
¢=4.18 [kJ/kg-C]

|n 50 [C]

out=25 [C]

t_h=1.6 [kg/s]
:1 0 [kJ/kg-C]
m_dot c*c_p ¢
m_dot_h*c_p_h
m|n min(C_c, C_h)
_dot_max=C_min*(T_h_in-T_c_in)
Q_dot_max=C_c*(T_c_out_max-T_c_in)
"Some Wrong Solutions with Common Mistakes"
W1_C_min=C_c "Using the greater heat capacity in the equation
W1 Q dot max=W1 C _min*(T_h_in-T_c_in)
W1_Q_dot_max=C_c*(W1_T_c_out_max-T_c_in)
W2_T c_out_max=T_h_in "Using T_h_in as the answer"
W3 _T_c_out max=T_h_out "Using T_h_in as the answer"
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11-173 A heat exchanger is used to condense steam coming off the turbine of a steam power plant by cold water from a
nearby lake. The cold water (c, = 4.18 kJ/kg-°C) enters the condenser at 16°C at a rate of 20 kg/s and leaves at 25°C
while the steam condenses at 45°C. The condenser is not insulated and it is estimated that heat at a rate of 8 kW is lost
from the condenser to the surrounding air. The rate at which the steam condenses is

(a) 0.282 kg/s (b) 0.290 kg/s (c) 0.305 kg/s (d) 0.314 kg/s (e) 0.318 kg/s

Answer (e) 0.318 kg/s

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T c_in=16 [C]

T _c_out=25[C]

m_dot_c=20 [kg/s]
c_p_c=4.18 [kJ/kg-C]
T_h=45[C]
Q_dot_lost=8 [kW]
Q_dot_c=m_dot_c*c_p_c*(T_c_out-T_c_in) "Heat picked up by the cold fluid"
Q_dot_h=Q dot_c+Q_dot_lost "Heat given up by the hot fluid"
h_fg=2395 [kJ/kg] "Table A-9"
m_dot_cond Q_dot_h/h_fg

"Some Wrong Solutions with Common Mistakes"
W1_m_dot_cond=Q_dot_c/h_fg "Ignoring heat loss from the heat exchanger"
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11-174 An air handler is a large unmixed heat exchanger used for comfort control in large buildings. In one such application,
chilled water (c, = 4.2 kJ/kg-K) enters an air handler at 5°C and leaves at 12°C with a flow rate of 1000 kg/h. This cold water
cools 5000 kg/h of air (c, = 1.0 kJ/kg-K) which enters the air handler at 25°C. If these streams are in counter-flow and the
water stream conditions remain fixed, the minimum temperature at the air outlet is

(a) 5°C (b) 12°C (c) 19°C (d) 22°C (€) 25°C

Answer (c) 19°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

cp_c=4.2 [kI/kg-K]

T c in=5[C]

T _c_out=12 [C]

m_dot_c=1000/3600 "[kg/s]"
m_dot_h=5000/3600 "[kg/s]"

cp_h=1.0 [kJ/kg-K]

T_h_in=25 [C]
Q_dot=m_dot_c*cp_c*(T_c_out-T_c_in)
Q_dot=m_dot_h*cp_h*(T_h_in-T_h_out)

11-175 An air handler is a large unmixed heat exchanger used for comfort control in large buildings. In one such application,
chilled water (c, = 4.2 ki/kg-K) enters an air handler at 5°C and leaves at 12°C with a flow rate of 1000 kg/hr. This cold
water cools air (c, = 1.0 ki/kg-K) from 25°C to 15°C. The rate of heat transfer between the two streams is

(a) 8.2 kW (0) 23.7kW  (C)33.8kW  (d)44.8kW () 52.8 KW

Answer (a) 8.2 kw

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

cp_c=4.2 [kI/kg-K]

T c_in=5][C]

T ¢ _out=12 [C]

m_dot_c=1000/3600 "[kg/s]"

cp_h=1.0 [kJ/kg-K]

T_h_in=25[C]

T _h_out=15[C]

Q_dot=m_dot_c*cp_c*(T_c_out-T_c_in)
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11-176 In a parallel-flow, liquid-to-liquid heat exchanger, the inlet and outlet temperatures of the hot fluid are 150°C and
90°C while that of the cold fluid are 30°C and 70°C, respectively. For the same overall heat transfer coefficient, the
percentage decrease in the surface area of the heat exchanger if counter-flow arrangement is used is

(a) 3.9% (b) 9.7% (c) 14.5% (d) 19.7% (€) 24.6%

Answer (e) 24.6%

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T_h_in=150 [C]

T_h_out=90 [C]

T_c_in=30 [C]

T c_out=70[C]

"Parallel flow arrangement"

DELTAT_1 p=T _h_in-T_c_in

DELTAT_2 p=T_h_out-T_c_out

DELTAT_Im_p=(DELTAT_1_p-DELTAT_2_p)/In(DELTAT_1_p/DELTAT_2_p)

"Counter flow arrangement"

DELTAT_1 c=T_h_in-T_c_out

DELTAT 2 c¢=T_h_out-T_c_in

DELTAT_Im_c=(DELTAT_1_c-DELTAT_2_c)/In(DELTAT_1_c/DELTAT_2_c)
PercentDecrease=(DELTAT_Im_c-DELTAT_Im_p)/DELTAT_Im_p*Convert(, %)

"From Q_dot = U*A_s *DELTAT_Im, for the same Q_dot and U, DELTAT _Im and A_s are inversely proportional.”

"Some Wrong Solutions with Common Mistakes"
W_PercentDecrease=(DELTAT_Im_c-DELTAT_Im_p)/DELTAT_Im_c*Convert(, %) "Dividing the difference by
DELTAT_Im_c "
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11-177 A counter-flow heat exchanger is used to cool oil (c, = 2.20 ki/kg-°C) from 110°C to 85°C at a rate of 0.75 kg/s by
cold water (c, = 4.18 kJ/kg-°C) that enters the heat exchanger at 20°C at a rate of 0.6 kg/s. If the overall heat transfer
coefficient is 800 W/m?2.°C, the heat transfer area of the heat exchanger is

(a) 0.745 m? (b) 0.760 m? (c) 0.775 m? (d) 0.790 m? () 0.805 m?

Answer () 0.745 m?

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T_h_in=110 [C]

T_h_out=85 [C]

m_dot_h=0.75 [kg/s]

c_p_h=2.20 [kJ/kg-C]

c_in=20 [C]

_dot_c=0.6 [kg/s]

. p_c=4.18 [kJ/kg-C]

0.800 [kW/m”2-C]

Q_dot=m_dot_h*c_p_h*(T_h_in-T_h_out)
Q_dot=m_dot_c*c_p_c*(T_c_out-T_c_in)
DELTAT_1=T_h_in-T_c_out

DELTAT_2=T_h_out-T_c_in

DELTAT Im=(DELTAT_1-DELTAT_2)/In(DELTAT_1/DELTAT 2)
Q_dot=U*A_s*DELTAT_Im

T
m
c

U=

11-178 The radiator in an automobile is a cross-flow heat exchanger (UAs = 10 kW/K) that uses air (c, = 1.00 kJ/kg-K) to
cool the engine coolant fluid (c, = 4.00 ki/kg-K). The engine fan draws 30°C air through this radiator at a rate of 10 kg/s
while the coolant pump circulates the engine coolant at a rate of 5 kg/s. The coolant enters this radiator at 80°C. Under these
conditions, what is the number of transfer units (NTU) of this radiator?

@1 (b) 2 (€3 (d)4 (€) 5

Answer (c) 3

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

UA=30 [KW/K]
m_dot a=10 [kg/s]
c_p_a=1.0 [kJ/kg-K]
m_dot_c=5 [kg/s]
. p_c=4.0 [kJ/kg-K]
a=m_dot_a*c_p_a
c=m_dot c*c_p ¢
min=C_a
U=UA/C_min

(o
C_a=m
C_c=m
Cm
NT
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11-179 In a parallel-flow, water-to-water heat exchanger, the hot water enters at 75°C at a rate of 1.2 kg/s and cold water
enters at 20°C at a rate of 0.9 kg/s. The overall heat transfer coefficient and the surface area for this heat exchanger are 750
W/m?.°C and 6.4 m? respectively. The specific heat for both the hot and cold fluid may be taken to be 4.18 kJ/kg-°C. For the
same overall heat transfer coefficient and the surface area, the increase in the effectiveness of this heat exchanger if counter-
flow arrangement is used is

() 0.09 (b) 0.11 () 0.14 (d) 0.17 () 0.19

Answer (a) 0.09

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T_h_in=75[C]

m_dot_h=1.2 [kg/s]

T c_in=20[C]

dot_c=0.9 [kg/s]

=4.18 [kJ/kg-C]

50 [kW/m”2-C]

4 [m”2]

_dot_h*c_p

_dot_c*c_p

__min=min(C_c, C_h)

_max=max(C_c, C_h)

¢=C_min/C_max

NTU=(U*A_s)/C_min
epsilon_p=(1-exp((-NTU)*(1+c)))/(1+c)
epsilon_c=(1-exp((-NTU)*(1-c)))/(1-c*exp((-NTU)*(1-c)))
Increase_epsilon=epsilon_c-epsilon_p
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11-180 In a parallel-flow heat exchanger, the NTU is calculated to be 2.5. The lowest possible effectiveness for this heat
exchanger is

(a) 10% (b) 27% () 41% (d) 50% (€) 92%

Answer (d) 50%

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

NTU=2.5

c=1 "The effectiveness is lowest when ¢ = 1"

epsilon=(1-exp((-NTU)*(1+c)))/(1+c)

"Some Wrong Solutions with Common Mistakes"
W_epsilon=1-exp(-NTU) "Finding maximum effectiveness when c=0"
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11-181 Cold water (c, = 4.18 kJ/kg-°C) enters a counter-flow heat exchanger at 10°C at a rate of 0.35 kg/s where it is heated
by hot air (c, = 1.0 kd/kg-°C) that enters the heat exchanger at 50°C at a rate of 1.9 kg/s and leaves at 25°C. The effectiveness
of this heat exchanger is

(a) 0.50 (b) 0.63 () 0.72 (d) 0.81 (e) 0.89

Answer (d) 0.81

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T c in=10[C]

dot_c=0.35 [kg/s]

. p_c=4.18 [kJ/kg-C]

_h_in=50[C]

out=25 [C]

t_h=1.9 [kg/s]

h=1.0 [kJ/kg-C]

_dot c*c_p ¢

_dot_h*c_p_h

min=min(C_c, C_h)
_dot_max=C_min*(T_h_in-T_c_in)
Q_dot=m_dot_h*c_p_h*(T_h_in-T_h_out)
epsilon=Q_dot/Q_dot_max

© 3
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"Some Wrong Solutions with Common Mistakes"
W1_C_min=C_h "Using the greater heat capacity in the equation
W1 Q dot max=W1_C_min*(T_h_in-T_c_in)
W1_epsilon=Q_dot/W1_Q dot_max

11-182 Steam is to be condensed on the shell side of a 2-shell-passes and 8-tube-passes condenser, with 20 tubes in each pass.
Cooling water enters the tubes at a rate of 2 kg/s. If the heat transfer area is 14 m? and the overall heat transfer coefficient is
1800 W/m?.°C, the effectiveness of this condenser is

(a) 0.70 (b) 0.80 (c) 0.90 (d) 0.95 (e) 1.0

Answer (d) 0.95

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

cp_c=4.18 [kJ/kg-C]

m_c=2 [kg/s]

A=14

U=1.8 [kW/m"2-K]

"From NTU and Effectivenss relations for counterflow HX:"

C_min=m_c*cp_c

NTU=U*A/C_min

Eff=1-Exp(-NTU)
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11-183 Water is boiled at 150°C in a boiler by hot exhaust gases (c, = 1.05 kJ/kg °C) that enter the boiler at 400°C at a rate of
0.4 kg/s and leaves at 200°C. The surface area of the heat exchanger is 0.64 m® The overall heat transfer coefficient of this
heat exchanger is

() 940 W/m*°C (b) 1056 W/m*°C  (c) 1145 W/m*°C  (d) 1230 W/m*°C  (e) 1393 W/m*°C

Answer (b) 1056 W/m?.°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T_w=150 [C]
T_h_in=400 [C]
T_h_out=200 [C]
m dot h=0.4 [kg/s]

ot_ max=C _min*(T_h_in-T_w)
Q_dot C_h*(T_h_in- T_h_out)
epsilon=Q_dot/Q_dot_max
NTU=-In(1-epsilon)
U=(NTU*C_min)/A_s

11-184 An air-cooled condenser is used to condense isobutane in a binary geothermal power plant. The isobutane is
condensed at 85°C by air (c, = 1.0 ki/kg-°C) that enters at 22°C at a rate of 18 kg/s. The overall heat transfer coefficient
and the surface area for this heat exchanger are 2.4 kW/m2°C and 1.25 m? respectively. The outlet temperature of the air
is

(a) 45.4°C (b) 40.9°C (c) 37.5°C (d) 34.2°C (e) 31.7°C

Answer (e) 31.7°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T_h=85[C]
T c_in=22 [C]
ot_c=18 [kg/s]
_p_c=1.0 [kJ/kg-C]
=2.4 [kW/m"2-C]
_s=1.25 [m"2]
_c=m_dot _c*c_p ¢

min =C_c
NTU= (U*A_s)/C_min
epsilon=1-exp(-NTU)
Q_dot_max=C_min*(T_h-T_c_in)
Q_dot=epsilon*Q_dot_max
Q_dot=m_dot_c*c_p_c*(T_c_out-T_c_in)

_d
p_c

OO)>C03
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11-185... 11-191 Design and Essay Problems

11-191 A counter flow double-pipe heat exchanger is used for cooling a liquid stream by a coolant. The rate of heat transfer
and the outlet temperatures of both fluids are to be determined. Also, a replacement proposal is to be analyzed.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the surroundings
is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes in the kinetic and
potential energies of fluid streams are negligible. 4 Fluid properties are constant. 5 There is no fouling.

Properties The specific heats of hot and cold fluids are given to be 3.15 and 4.2 kJ/kg.°C, respectively.
Analysis (a) The overall heat transfer coefficient is

L__ 600 800 o Cold
1 2 1 2 10°C
08 T 08 008 | 1008 Hot 8 kals

mg°  mp 8 10 90°C g

The rate of heat transfer may be expressed as
Q =MeCe (Toout —Tein) = @)(4200)(Te o ~10) (1)

Q =myc (Thin —Thout) = @0)(31500(90 Ty 0n) (2

It may also be expressed using the logarithmic mean temperature
difference as

- 4 AT -AT, (90-T¢) - (T ~10)
Q =UAAT,, =UA TARAE (1185)(9) a0-, ®)
" T, —10

We have three equations with three unknowns, solving an equation solver such as EES, we obtain
Q=6.42x10° W, T, o, =29.1°C, T4y =69.6°C

(b) The overall heat transfer coefficient for each unit is

600 600 )
U=—g—p =5 =6805W/m".K

m((:).S mr(1)8 40.8 50.8

Then
Q =mMC¢ (Tc,out _Tc,in) =(2x 4)(4200)(Tc,out -10) 1)
Q=myc, (Thin —Thout) = (2x5)(3150)(90—T, o) 2
T U ATAT, o (0-T) (T, 10
Q =UAAT,, =UA In@T, 1AT,) =(680.5)(2x5) | 90T, 3)
n T,-10

Once again, we have three equations with three unknowns, solving an equation solver such as EES, we obtain
Q=4.5x10° W, T, o, =23.48°C, Ty oy =75.7C

Discussion Despite a higher heat transfer area, the new heat transfer is about 30% lower. This is due to much lower U,
because of the halved flow rates. So, the vendor’s recommendation is not acceptable. The vendor’s unit will do the job
provided that they are connected in series. Then the two units will have the same U as in the existing unit.

R0t
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